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Does lower extremity stiffness influence
change of direction speed in badminton athletes
after dynamic loaded warm-up?

Zhihai Wang,1 Mingming Yang,1 Kaiyuan Qu,1 Xinyu Mao,1 Anqi Lu,1 Yi Sheng,1 Daniel T.P. Fong,2

and Dan Wang1,3,*

SUMMARY

This study investigated whether lower extremity stiffness plays a role in the enhancement of change of
direction speed (CODS) and the duration of this enhancement after dynamic loaded warm-up (DLWU).
Fifteen badminton athletes underwent DLWU, and CODS, individual muscle and tendon stiffness, and ver-
tical stiffness were measured before DLWU and 6, 12, and 18 min after DLWU. The data were analyzed
using ANOVA and covariance analysis. Significant improvements in CODS were found at 6, 12, and
18 min post-DLWU compared to pre-DLWU (p < 0.05). The Achilles tendon stiffness of the dominant
leg increased at 6 min (p = 0.039) and 18 min (p = 0.024) post-DLWU compared to pre-DLWU. Achilles
tendon stiffness of the dominant leg had a significant effect on improving CODS (p > 0.05). CODS
improvement lasted up to 18 min after DLWU in badminton athletes, potentially related to increased
Achilles tendon stiffness of the dominant leg.

INTRODUCTION

Pre-exercise warm-up activities help athletes achieve optimal athletic performance.1 Warm-up exercises have been shown to significantly

improve players’ strength,2 speed,3 and agility performance.4 Badminton is the fastest racket sport in the world, as athletes need to hit

the shuttlecock every 2 s,5 and the average speed of the shuttlecock is up to 180–252 km/h.6 This requires that athletes have adequate change

of direction speed (CODS) to perform high-quality offensive and defensive movements by changing direction quickly and repeatedly in a

small court (about 35 m2). CODS is not only a key factor in predicting the performance of badminton players (r = 0.74),7 but it also significantly

correlates with the winning rate (r = �0.83).8 Therefore, badminton athletes should maximize their CODS during the warm-up period, which

will help them to play better in competitions.

The dynamic loaded warm-up (DLWU) exercise has recently been reported to significantly improve badminton athletes’ CODS.9 Ma-

loney et al.9 reported that when badminton athletes warmed up with a loaded vest of 10% of their body mass, their CODS significantly

improved 6 min (tested at 15 s and 2, 4, and 6 min) after the warm-up. Nava et al.10 reported that DLWU improved the CODS of college

athletes (tennis, volleyball, and soccer sports). However, they found that the CODS of college athletes decreased at the 10- and 18-min

time points compared with 2 min after the warm-up. Moreover, research has suggested that resting for more than 15–20 min after warm-

ing up may lower performance to baseline levels.11 Furthermore, wearing a weighted vest during warm-up exercises can lead to post-

activation potentiation (PAP),9,10,12 a phenomenon that enhances neuromuscular function and improves explosive force production.13

The PAP effect is generally attributed to the phosphorylation of myosin regulatory light chains,14 an increase in the pinna angle,15

and the recruitment of fast twitch muscle motor units.16 DLWU may create a favorable environment for speed and power performance

by increasing the rate of force development. Therefore, the duration of the warm-up effect may be closely related to the CODS of ath-

letes in subsequent competition, and exploring CODS enhancement and the duration following DLWU in badminton athletes may yield

valuable insights.

Stiffness describes the deformation of an object under a given force in physics.17 In the human body, stiffness can be described from the

level of a single muscle fiber to the entire body, which has been modeled as mass and spring.18 Common measurements of stiffness in the

active population include muscle stiffness, tendon stiffness, and vertical stiffness (Kvert).
19,20 The stiffness of the muscles and tendons is typi-

cally measured using handheld dynamometers (MyotonPRO, Myoton AS, Tallinn, Estonia). Kvert is often calculated by dividing the peak ver-

tical ground reaction force in contact with the ground by the displacement of the body’s center of mass.21 Acute changes in lower extremity

stiffness may be expected to increase the rate of stretch-shortening cycle (SSC) strength development during change of direction and, thus,
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overall CODS.19,20 A certain level of lower extremity stiffness is essential for effectively storing and reusing elastic energy during SSC activities.

An athlete with greater stiffness characteristics can store more elastic energy during the yielding phase of ground contact and generate more

concentric force output at push-off, which increases running speed and CODS.17 Improved performance in CODS has been closely linked to

shorter ground contact times. Greater stiffness would likely facilitate efficient transmission of the generated impulse and minimize the

required ground contact time for executing direction changes.22 However, no studies have directly investigated whether stiffness plays a

role in the enhancement of CODS after DLWU.

Thus, this study aimed to investigate the duration of the improvement in CODS in badminton athletes after DLWU and whether its

improvement was due to an acute increase in lower extremity stiffness to a certain extent. We hypothesized that the athletes’ improvement

in CODS after DLWU would last up to 15–20 min, and that the improvement in CODS might be explained by an acute improvement in lower

extremity stiffness to some extent.

RESULTS

Effect of DLWU on athletes’ CODS

Figure 1 shows the changes in CODS among the badminton athletes before DLWU (T0) through 18min (T18) after DLWU (T0–T18). The CODS

of the athletes significantly improved at different time points following the DLWU (F = 13.948, p < 0.001, h2
p = 0.499). Compared with T0,

the CODS at T6 was faster by 0.31 s (p = 0.018), the CODS at T12 was faster by 0.48 s (p = 0.010), and the CODS at T18 was faster by

0.71 s (p = 0.004). Compared with T6, the CODS at T18 was faster by 0.40 s (p = 0.024). Compared with T12, the CODS at T18 was faster

by 0.23 s (p = 0.038).

Effect of DLWU on athletes’ lower extremity stiffness

Figure 2 shows the changes in the Achilles tendon (AT) stiffness of the dominant leg of the badminton athletes fromT0 to T18. The AT stiffness

of the dominant leg in athletes significantly increased after DLWU (F = 3.103, p = 0.046, h2
p = 0.181). The AT stiffness of the dominant leg at

T18 increased by 80.8 N/m when compared with the values at T0 (p = 0.024). Compared with T6, the AT stiffness of the dominant leg at T18

increased by 83.7 N/m (p = 0.039) (Figure 1). Furthermore, no significant changes were observed after DLWU in the following measurements:

the medial gastrocnemius (MG) stiffness of the non-dominant (p = 0.519) and dominant (p = 0.201) legs, the soleus (SOL) stiffness of the

non-dominant (p = 0.536) and dominant (p = 0.878) legs, the rectus femoris (RF) stiffness of the non-dominant (p = 0.916) and dominant

(p = 0.167) legs, the AT stiffness of the dominant leg (p = 0.579), the patellar tendon (PT) stiffness of the non-dominant (p = 0.795) and domi-

nant (p = 0.386) legs, the Kvert stiffness (p = 0.747), and the Kvert of the dominant (p = 0.842) and non-dominant (p = 0.376) legs.

Effect of AT stiffness on athletes’ CODS

A two-way covariance analysis was conducted with CODS as the dependent variable and the change in AT stiffness of the dominant leg as the

covariate. The results showed that AT stiffness of the dominant leg had a significant effect on improving CODS from T0 to T18 (F = 0.06, p =

0.938, h2
p = 0.000) and from T6 to T18 (F = 0.69, p = 0.797, h2

p = 0.005).

Figure 1. Effect of DLWU on athletes’ CODS performance

CODS, change of direction speed; T0, pre-DLWU; T6, 6 min post-DLWU; T12, 12 min post-

DLWU; T18, 18min post-DLWU. Data are presented asmeansG SD. * Themain effect of time

was statistically significant (p < 0.05).
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DISCUSSION

The main finding of this study was that the enhancement of CODS performance in badminton athletes can last up to 18 min after the DLWU.

Notably, this phenomenon might be explained by the increased AT stiffness of the dominant leg after the DLWU.

The CODS at T6, T12, and T18 of the badminton athletes was significantly improved after the DLWU compared with values at T0. The

improvement in the athletes’ CODS may be attributed to the PAP effect induced by the DLWU. Most scholars attribute the PAP effect to

the phosphorylation of myosin regulatory light chains,14 an increase in the pinna angle,15 and the recruitment of fast twitch muscle motor

units.16 The results of the present study support those of Maloney et al.9 and Nava et al.,10 which showed that dynamic weight vest warm-

up significantly enhanced CODS in participants. However, the present study observed a DLWU lasting time (18 min) that was longer than

that reported by Maloney et al.9 (6 min) and Nava et al.10 (2 min). The CODS of the athletes in Nava et al.’s study showed a decline at

10 min and 18 min after warm-up,10 whereas we found that the DLWU improved the CODS of badminton athletes for up to 18 min. This pro-

vides important information for badminton athletes regarding the optimal timing for DLWU.

The results of the study showed that the AT stiffness of the dominant leg of the athletes increased significantly at T18 compared to the

values at T0 and T6. AT is the longest, thickest, and strongest tendon in the human body, and it is mainly responsible for the transmission

of the muscle power of the triceps surae during human exercise.23 It is the key to the effective completion of energy storage and release

of the human lower limbs during walking, running, and jumping.24 The increased AT stiffness of athletes may be the result of the PAP effect

induced by repeated SSC (e.g., sprint and jumps) during DLWU,25 which involves many loaded jogging and jumping exercises (see Table 2).

Notably, a significant increase in AT stiffness followingDLWUwas found only in the athletes’ right leg. This may be because the athlete’s right

leg is the dominant leg, and during daily training and competitions, the badminton player’s dominant leg is required to perform a large num-

ber of braking and decelerationmovements (80–90%) and bears loads up to 50–70%of their bodymass,26 Therefore, duringDLWU, the domi-

nant leg of athletes may be more easily activated and mobilized,27 resulting in a significant increase in AT stiffness.

However, no significant changes in the individual muscle stiffness of the athletes’ lower extremities were discovered after DLWU. Themain

reason for this might be that the tendon is the primary regulator of the relationship between force velocity and force length, rather than the

muscle.20 Tendons are elastic tissues that shorten faster than muscles.28 It is interesting that we observed a significant change only in AT stiff-

ness but not in PT stiffness after the DLWU. This may be because PT acts as a force-transmitting tendon during a change of direction rather

than as an elastic energy storing-releasing tendon.29 We also found no significant changes in Kvert following DLWU, which is inconsistent with

the results reported in previous studies. Comyns et al.30 reported that a 10.9% increase in Kvert was observed in rugby players after performing

single-leg jumps on a sledge at 93% one repetition maximum (1RM). Moir et al.31 found that Kvert increased by 16% after three repetitions of

squat jumps in 90% 1RM. Studies have mentioned that participants’ Kvert may not change when the exercise program does not adequately

stimulate the eccentric strength of the muscles.32 Witmer et al.32 suggested that the lack of change in Kvert in men and women after acute

resistance exercises may be due to insufficient stimulation of the exercise activity. Comyns et al.30 pointed out that after squats with a 93%

1RM, participants’ Kvert increased, while no difference in Kvert was discovered after squats with 65% and 80% 1RM. Furthermore, several factors

influence lower extremity Kvert, such as gender and individual biomechanical properties of the lower extremity (e.g., anthropometry, joint

compliance, muscle mass).33 Therefore, the load of 10% body mass in DLWU-generated stimuli may also have contributed to the non-signif-

icant change in lower extremity Kvert observed in our study.

Figure 2. Effect of DLWU on athletes’ stiffness of the dominant leg Achilles tendon

T0, pre-DLWU; T6, 6 min post-DLWU; T12, 12 min post-DLWU; T18, 18 min post-DLWU. Data are presented as means G SD. * The main effect of time was

statistically significant (p < 0.05).
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The present study is the first to identify the increase in AT stiffness of the dominant leg as an important mechanism to promote the CODS

of badminton athletes after DLWU. Some researchers have proposed that the enhancement of CODS of athletes may not only be affected by

the physiological mechanism discussed previously but also by the acute increase in lower extremity stiffness.9,10 However, Maloney9 and

Nava10 did not directly evaluate changes in stiffness before and after warm-up to verify this proposition. Studies have shown that higher stiff-

ness is beneficial for fast SSC activities and activities involving high velocity of motion.34–36 Greater AT stiffness allows themuscles to work in a

more optimal force-velocity range.20 Therefore, it can be expected that the increase in stiffness accelerates the rate of force development and

thus contributes to the improvement of CODS.

Furthermore, increased stiffness creates more potential energy stored in the tendons, reducingmuscle activity and energy expenditure at

a given speed.37 The explosive performance of athletes requires AT to provide elastic energy, and AT achieves explosive movement (such as

acceleration and deceleration in change of direction) by storing and releasing elastic energy.38 A lower limb with greater stiffness gives the

athlete better resistance to deformationwhen in contact with the ground, thus allowing for the impulses required for change of direction to be

applied in a shorter time.17 The change of direction involves many jumps and split steps, and the increase in the athlete’s AT stiffness can

improve the pre-stretch efficiency of SSC to enhance the ability of rapid change of direction.39 Furthermore, Po_zarowszczyk et al.25 found

that when the AT stiffness of basketball players increased, they required less force to activate and control their muscles. This is because higher

AT stiffness means that muscles can resist external forces more effectively, thereby reducing energy expenditure. This information could be

important for badminton coaches and sports scientists, and more related research is needed on other types of sports and athletes in the

future.

Limitations of the study

There are certain limitations to this study. As the participants of this study were college athletes, the applicability of the findings to pro-

fessional athletes remains to be explored. Furthermore, given that fatigue generated by repeated testing of athletes may affect the accu-

racy of the results of the relevant variables, this study observed only changes in stiffness and CODS of the athletes from 6 to 18 min af-

ter DLWU.

Conclusion

To the authors’ knowledge, this is the first study to explore changes in lower extremity stiffness after DLWU in badminton athletes, and the

results may provide coaches and athletes with useful information in warm-up training. The study discovered that CODS improvement lasted

up to 18 min after DLWU in badminton athletes. Badminton strength and conditioning coaches can consider incorporating the DLWU pro-

gram into athletes’ overall warm-up programs before the competition.Moreover, this is the first study showing that the increase in AT stiffness

of the dominant leg after DLWU of badminton athletes may be one of the macro mechanisms leading to the improvement of CODS perfor-

mance. Since stiffness is a modifiable neuromechanical property, acute or long-term training programs to enhance AT stiffness may positively

affect badminton athletes’ CODS.

Practical applications

The findings present the DLWU as a practical program that can significantly improve and sustain the CODS of badminton athletes for up to

18min. The potential for longer-lasting effects remains a subject for future research. Moreover, the increased AT stiffness of the dominant leg

may occur through further improvement in the athlete’s CODS by enhancing the storage and release of elastic energy and saving energy

consumption.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resource could be direct to the lead contact Dan Wang (wangdan@sus.edu.cn).

Materials availability

The study did not generate new unique reagents.

Data and code availability

� This study did not generate original code.
� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
� All data produced in this study are included in the published article and its supplemental information, or are available from the lead

contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Participants recruitment

A total of 15 adolescent badminton athletes (9males: 19.8G 2.5 years, and 6 females: 20.2G 1.2 years; see below table) were recruited for the

study. Theminimal sample size of 4 was calculated using a sample size calculator (G*Power 3.1.9.2, Franz-Faul, Universität Kiel, Germany) with

an effect size of 0.83 (based on parameters of CODS9), a of 0.05, and power of 0.80. Participants were located in the country where the study

was conducted: China. The athlete’s racket hand and dominant leg were all right side (the athlete’s preferred racket-holding hand was desig-

nated as the dominant side40,41). The inclusion criteria were as follows: (1) national excellent and first-class athletes who had participated in

provincial and national level badminton competitions, (2) no severe knee, ankle, and hip injuries or surgery within the last 3 months, and (3)

regular badminton training for at least 4 years42 To reduce the learning effect of the testing process, all athletes needed to be familiar with the

entire testing process in advance to ensure that they were proficient in completing all tests. No strenuous exercise, alcohol consumption, or

caffeine intake the day before the test. All athletes who participated in the study signed an informed consent form. The studywas approvedby

the Human Research Ethics Committee of Shanghai University of Sport (NO.102772020RT100).

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

G*Power 3.1.9.2 Franz-Faul, Universität Kiel, Germany https://stats.oarc.ucla.edu/

other/gpower/

SPSS software version 22.0 SPSS software version 22.0 N/A

GraphPad Prism 8 GraphPad Software https://www.graphpad.com/

Other

Loaded vest PROIRON, Shanghai, China N/A

MyotonPRO MyotonPRO, Myoton AS, Tallinn, Estonia https://www.myoton.com/technology/

Stopwatch Fuhai Chemical Glass Instrument Co., Ltd., Shenzhen, China N/A

Force plate (Kistler) Kistler Instruments, Winterthur, Switzerland N/A

Demographic information of badminton athletes (mean G SD)

N Height (m) Body mass (kg) Age (years) Training experience (years)

Males 9 1.80 G 0.07 71.0 G 9.9 19.8 G 2.5 10.9 G 1.5

Females 6 1.69 G 0.07 60.0 G 7.5 20.2 G 1.2 13.0 G 1.4
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METHOD DETAILS

Experimental procedure

All training and testing were conducted at the badminton court of Shanghai University of Sports, and the researchers were trained to be pro-

ficient in the entire testing process. The flowchart of this study is shown in below figure. Before DLWU (T0), the muscle and tendon sites were

marked for stiffness measurement. The stiffness of individual muscles and tendons in the natural standing position was measured using

MyotonPRO (MyotonPRO, Myoton AS, Tallinn, Estonia) (see below figure). The athletes then performed three drop jump tests (including

the non-dominant leg, dominant leg, and double legs) with a 1-min rest interval to avoid fatigue occurrence. Lastly, the badminton half-court

agility test was conducted on the badminton court. The athletes repeated the T0 testing procedure at T6, T12, and T18 following DLWU (See

below table).

The flowchart of the study

CODS, change of direction speed; DLWU, dynamic loaded warm-up; T0, pre-DLWU; T6, 6 min post-DLWU; T12, 12 min post-DLWU; T18, 18 min post-DLWU.
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DLWU procedure

The DLWU routines are shown in Table 2.9 On a badminton court, 18.3 m in length was measured, and then a marker cone was placed every

6.1 m from the starting point. The athletes jogged 6.1 m, then they started Exercise 1 in the next 6.1 m, and jogged the rest 6.1 m. Thereafter,

the athletes completed the rest of the warm-up exercises (2–19) consecutively. Exercises 20–22 were performed in the badminton half-court

with a loaded vest (Load Vest, PROIRON, Shanghai, China) (See below figure).43 The vest load was 10% of the athlete’s body mass.9 Sixty-

second intervals were in between among Exercises 20, 21, and 22.

MyotonPRO

The dynamic loaded warm-up program

Warm-up drills

Dynamic flexibility

1 Walking on toes

2 Walking on heels

3 Walking knee to chest

4 Walking knee to chest with internal rotation

5 Walking hip circles—medial to lateral

6 Walking hip circles—lateral to medial

7 Walking lunge & rotate

8 Walking deep lunge

9 Walking sumo squats

Pulse raiser

10 Jogging with high knees

11 Jogging with butt kicks

12 Fast feet running

13, 14, 15 Repeat 10, 11, 12 backward

16, 17 Side steps 3 2—alternate lead foot

18, 19 Carioca steps 3 2—alternate lead foot

Speed & power drills

20a Bilateral countermovement jumps (35 repetitions)

21a Alternating split squat jumps (35 repetitions each leg)

22a 4-corners shadow play drill (32 circuits)

aThe athletes were required to wear load vests to complete the warm-up exercise.
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Individual muscle and tendon stiffness

Individual muscle and tendon stiffness were measured using a handheld myometer. MyotonPRO has been widely used for stiffness measure-

ment in field testing.19,20 To ensure that themeasurement sites were consistent before and after theDLWU,markers weremade on five testing

sites on dominant and non-dominant legs according to SENIAMguidelines44: MG, SOL, RF, AT, and PT. The athletes were instructed to stand

barefoot and relax while the myometer probe was vertically placed on each muscle and tendon. The resultant impact (duration: 15 ms; force:

0.58 N) caused a temporary deformation of the tissue. The damped natural oscillations caused by the probe impact were measured using

accelerometers within the device, which were sampled at a rate of 3200 Hz.45 The mean stiffness values of the five measurements were

used for further analysis.

Vertical stiffness

Kvert was assessed for both legs using a bilateral drop jump test on a force plate (Kistler, Kistler Instruments, Winterthur, Switzerland), and Kvert

wasmeasured for dominant and non-dominant legs using a unilateral drop jump test. Athleteswere instructed to perform single- and double-

leg drop jumps to help thembecome familiar with the testing procedure. The athletes were then asked to stand barefoot on the box (double-

leg drop jump height: 40 cm; single-leg drop jump height: 18 cm) with their hands on their hips. Previous studies have found that when the

height of the drop jump exceeds 40 cm, the mechanical efficiency (SSC power output) and stiffness of the lower extremity begin to gradually

decrease.46 Furthermore, when athletes choose higher single-leg drop jump heights (such as 30 or 45 cm), they are unable to effectively

reduce the time spent in contact with the ground during jumping.47 Maloney et al. used a single-leg drop jump task (18 cm) to assess the

asymmetry of Kvert among college students.47 At the command given by the tester, the athlete dropped (not jumped) from the box and imme-

diately performed a maximum effort vertical jump when landing on the ground. In this study, the athletes were required to minimize ground

contact time during each jump and were advised to imagine the ground as ‘‘hot coal’’ to motivate them to complete the push-off action as

quickly as possible. Each athlete performed three drop jump tests, with a rest of 1 min in between the tests to avoid fatigue. Kvert data were

normalized by body bass.21 for further analysis.

CODS assessment

The badminton half-court agility test was used to assess the CODS of the athletes (shown in below figure).9 The athletes were required to

initiate their movement from a rectangular area (0.75 m 3 0.50 m) marked by red tape and to proceed in a clockwise direction to contact

the shuttlecock with their racket at eight designated points. The time was recorded in seconds to two decimal places with a stopwatch (Fuhai

Weight vest
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Chemical Glass Instrument Co., Ltd., Shenzhen, China). The reliability and validity of using a stopwatch to record time have been previously

established.9,42

QUANTIFICATION AND STATISTICAL ANALYSIS

IBM SPSS Statistics 22.0 (SPSS Inc., Chicago, IL, USA) was used for the data analysis. The Shapiro–Wilk method was used to test for data

normality. One-way repeatedmeasures (ANOVA)were selected to analyze the data on lower extremitymuscle stiffness, tendon stiffness, Kvert,

andCODSmeasured at different time points. Bonferroni was conducted for the post hoc comparison. The significancewas set at p< 0.05. The

effect of lower extremity stiffness onCODSwas analyzed using covariance analysis (ANCOVA), with the change in AT stiffness as the covariate.

Badminton half-court agility test
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