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Abstract 35 

Purpose: The primary objective of this research is to examine variations in lower extremity 36 

segmental coupling coordination variability (CV) during the recovery phase following a tennis 37 

stroke, specifically comparing open, semi-open, and neutral stances.  38 

Methods: This study evaluated fourteen advanced male players performing forehand strokes and 39 

lateral recoveries across these stances. Kinematic data from a motion capture system and a 40 

modified vector coding technique were used to calculate segmental CV of eight lower extremity 41 

coupling pairs during brake and push-off phases.  42 

Results: A one-way repeated measures analysis of variance (ANOVA) and one-dimensional 43 

statistical parametric mapping (SPM1d) analysis revealed that stances significantly alter 44 

coordination strategies. During the push-off phase, the open stance exhibited significantly 45 

higher CV in pelvis sagittal versus thigh sagittal coupling compared to the semi-open stance (P 46 

< 0.05, d = 0.78). Furthermore, during the 57.5%-61.3% period of this phase, thigh sagittal 47 

versus shank frontal coupling CV was significantly lower in the open stance.  48 

Conclusion: These findings indicate that open stance recovery utilizes unique coordination 49 

strategies, characterized by increased pelvis-thigh and decreased thigh-shank CV. From a motor 50 

control perspective, reduced distal variability likely stabilizes the knee for optimal lateral force 51 

transmission. Conversely, the increased proximal variability likely serves as a compensatory 52 

mechanism to facilitate rapid trunk repositioning and maintain dynamic balance. Ultimately, 53 

this task-specific trade-off between distal stability and proximal flexibility highlights the 54 

movement efficiency of advanced tennis players.  55 

Keywords: tennis, coordination variability, recovery movement, forehand stance, vector coding 56 

technique 57 

1 Introduction 58 

Tennis is a globally popular sport with participation from over 200 countries [30]. However, 59 

as a high-intensity intermittent sport involving multidirectional displacements [29], tennis is 60 

frequently accompanied by a substantial number of sports injuries. Studies have reported an 61 

incidence of 3.49 injury cases per 1000 hours of tennis training, with the most common being 62 

joint injuries (29.5%), followed by tendinopathy (22.1%), which are predominantly located in 63 

the ankle (20%) and wrist (15.8%) [28]. Other studies have indicated that among injuries 64 
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occurring in tennis, the probability of lower extremity injuries is higher than that of the upper 65 

extremities. The incidence of musculoskeletal injuries in the lower extremities ranges from 31% 66 

to 67%, compared to 20% to 49% for the upper extremities, and 3% to 21% for the trunk [1]. 67 

During a tennis match, to efficiently transition to the next stroke, players typically need to 68 

perform a significant number of recovery movements between consecutive strokes. These 69 

recovery movements primarily consist of lateral cross-over steps and lateral translation, 70 

movement patterns that are often associated with lower extremity injuries [27], such as anterior 71 

cruciate ligament injuries [10], and ankle injuries [36]. Given the limited attention directed 72 

towards the recovery movement post-stroke, conducting relevant biomechanical research on 73 

tennis recovery movements is highly necessary to reveal the characteristics of tennis-related 74 

lower extremity musculoskeletal injuries, thereby providing new insights for further injury risk 75 

management. This aligns with the broader biomechanical consensus that understanding lower 76 

limb movement strategies is essential for injury prevention [39]. 77 

This phenomenon is related to the specific movement characteristics of tennis. Unlike 78 

cyclical sports such as running and cycling, tennis players execute numerous lateral movements, 79 

start-stop actions, changes of direction, and rotational striking motions during training and 80 

competition. These actions often impose immense stress on the lower extremity 81 

musculoskeletal system [22]. Previous tennis-related research has typically focused on scoring-82 

oriented actions, such as groundstrokes and serves [18], [20]. For instance, previous studies 83 

investigating the biomechanical differences of forehand strokes in open, semi-open, and neutral 84 

stances found that adjusting the relative direction of the front foot when athletes use a neutral 85 

stance for baseline backhand strokes might improve athletic performance and reduce the risk 86 

of ankle injury [16]. Similar to findings in other sports where technique modifications 87 

significantly influence patellofemoral joint loading and knee pain [6]. Compared to the neutral 88 

stance, executing a forehand stroke in an open stance appears more likely to induce specific 89 

knee injuries, such as patellar tendinitis, knee osteoarthritis, and meniscus tears [25], and the 90 

open stance also subjects the hip to greater loads, leading to potential hip injuries [26]. 91 

Movement coordination was defined by Bernstein as the mastery of redundant degrees of 92 

freedom within a system [4], and coordination variability (CV) is an indicator used to quantify 93 

the degree of fluctuation in coordination patterns [7]. From a dynamical systems perspective, 94 
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movement variability plays a functional role in motor control rather than representing mere 95 

system noise [3]. According to the variability-overuse hypothesis, healthy motor function relies 96 

on maintaining CV within an optimal functional window [14]. Reduced CV reflects a 97 

constrained motor pattern that concentrates repetitive stress on localized tissues, potentially 98 

leading to overuse injuries, whereas excessive CV indicates joint instability [15]. CV translates 99 

the coordination strategies adopted throughout the entire movement phase into a single 100 

numerical value, rather than merely comparing the synchronous motion of two joints during the 101 

action. Joint coordination during movement can be calculated using a modified vector coding 102 

technique [7]. An excessively low CV reflects a constrained motor pattern; while this freezing 103 

of degrees of freedom may be necessary to secure joint stability during explosive task[4], it 104 

theoretically concentrates repetitive stress on localized structures[14], [15]. Conversely, a 105 

higher CV provides necessary flexibility; while excessive variability may indicate instability, 106 

an optimal increase in proximal CV could serve as a compensatory mechanism to facilitate 107 

rapid trunk repositioning when the lower extremity is biomechanically constrained[16], [37]. 108 

This study aims to investigate the differences in lower extremity segmental coupling 109 

variability during the recovery movement after a tennis stroke across different stances (open, 110 

semi-open, and neutral stances). Given adequate hip range of motion is required for the transfer 111 

of energy along the kinetic chain during open stance strokes [37], we hypothesized that the 112 

lateral recovery phase from this stance would alter the CV. Specifically, we hypothesized that 113 

compared to neutral and semi-open stances, the open stance would exhibit decreased CV in 114 

distal lower-limb couplings, accompanied by increased CV in proximal couplings. 115 

2 Methods 116 

2.1 Participants 117 

Fourteen advanced male tennis players participated in this study. The participants' basic 118 

characteristics were as follows: age 22.33 ± 1.63 years; height 174.83 ± 8.72 cm; body mass 119 

67.17 ± 3.76 kg; body mass index 22.03 ± 1.53 kg/m²; years of training experience 11.14 ± 1.10 120 

years; International Tennis Number (ITN) 3 or 4; all were right-handed. According to the 121 

International Tennis Federation (2009) criteria, ‘ITN 4 players demonstrate proficient use of 122 

power and spin, begin to cope with incoming ball pace, exhibit stable footwork, possess the 123 

ability to control stroke depth, and start adapting match strategies based on their opponents’. 124 
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‘ITN 3 players possess excellent shot anticipation capabilities, and typically exhibit outstanding 125 

stroke mechanics or attributes around which their game systems can be structured’ [23]. Prior 126 

to the experiment, participants were fully informed of the experimental procedures. The 127 

inclusion criteria were as follows: (1) no lower extremity surgery or injury within the past six 128 

months; (2) training frequency: a minimum of 5 days/week, tennis-specific training volume: a 129 

minimum of 12 hours/week; (3) active participation in national- or provincial-level 130 

competitions (defined as competing in 15 to 25 officially sanctioned tournaments per year).The 131 

novices or lower-level athletes exhibit unstable kinetic mechanisms and intra-individual 132 

movement variability. Therefore, a highly homogeneous cohort of advanced players was 133 

required to isolate the mechanical effects of the different stances. This research protocol was 134 

approved by the Ethics Committee of Ningbo University (TY2025082). 135 

2.2 Experimental Procedure 136 

During the experiment, as shown in Figure 1(A), 46 reflective markers were placed on 137 

specific anatomical landmarks of the participants [12], [35]. A Vicon motion capture system 138 

equipped with ten infrared cameras (Oxford Metrics Ltd., Oxford, UK, 200 Hz) was used to 139 

collect kinematic data [13], [17], [21], [34], [40], and two three-dimensional force plates 140 

(Kistler Group, Winterthur, Switzerland, 2000 Hz) were utilized to acquire kinetic data [5]. 141 

 142 

Figure 1. Data acquisition process and processing: (A) Reflective marker placement locations; (B) 143 

Schematic of recovery movements following three different hitting stances; (C) Movement phases divided based 144 

on the peak ankle sagittal plane angle; (D) Motion capture, OpenSim inverse kinematics calculation, and 145 

coordination variability calculation. 146 

Prior to motion capture, participants observed the experimental procedures and the 147 
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recovery movements following three types of forehand strokes (open, semi-open, and neutral 148 

stance) demonstrated by a professional coach. For the neutral stance, the participants' feet and 149 

knees were perpendicular to the net, whereas for the open stance, they were parallel to the net. 150 

The semi-open stance refers to any foot position between the neutral stance and the open stance 151 

[25]. They were given ample time to familiarize themselves with the experimental environment 152 

[31], and the designated markers, and practiced all forehand stroke recovery movements [25]. 153 

The testing sequence of the three movements was completely randomized to prevent order 154 

effects. The athletes performed a five-minute treadmill warm-up to prevent injuries, followed 155 

by 5 to 7 minutes of practicing the respective test movements. They were required to perform 156 

each test trial with maximal effort. Five successful trials were recorded for the recovery 157 

movement of each stance. A successful trial was defined as correctly executing the forehand 158 

stroke and rapidly transitioning into the recovery movement immediately thereafter. 159 

As shown in Figure 1(B), for the recovery movement following an open stance stroke, the 160 

athlete's feet were parallel to the net, standing behind the two force plates. When the movement 161 

initiated, the athlete first stepped the left foot onto force plate 2, followed by the right foot onto 162 

force plate 1 to execute the striking motion, and subsequently performed the recovery 163 

movement to the left side. For the recovery movement following a semi-open stroke, the feet 164 

are positioned at a 90° angle to the net. The athlete is positioned at a 45° angle to the rear left 165 

of the force plates. First, the left foot steps onto force plate 2, followed by the right foot landing 166 

one step behind force plate 2. At this point, both feet are oriented at a 45° angle to the net. After 167 

completing the swing, the right foot follows through to force plate 1, executing the recovery 168 

movement laterally to the left. For the recovery movement pattern following a neutral stance 169 

stroke, which is similar to the semi-open stance, during the preparation phase, the athlete is 170 

positioned at a 45° angle to the rear left of the force plates, with the feet oriented at a 90° angle 171 

to the net. The two feet step onto force plate 2 and a distance one step behind force plate 2, 172 

respectively. After completing the stroke, the right foot follows through to force plate 1, and the 173 

athlete then executes the recovery movement laterally to the left. All movements involved 174 

hitting an imaginary ball while holding a racket [16]. 175 

2.3 Data Processing 176 

Raw kinematic and kinetic data were pre-processed using Vicon Nexus (Version 2.12, 177 
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Oxford Metrics Ltd., Oxford, UK). A zero-lag fourth-order Butterworth low-pass filter was 178 

applied, with a cutoff frequency of 6 Hz for motion capture data [2], [33]and 50 Hz for force 179 

data. A force plate foot contact event was defined when the ground reaction force (GRF) 180 

exceeded a 20 N threshold [35]. 181 

Subsequently, the OpenSim (Version 4.5, Stanford University, Stanford, USA) 182 

environment was utilized for model scaling and inverse kinematic calculations on the 183 

experimental data to determine joint angles. The segment angles of the pelvis, thigh, shank, and 184 

rearfoot were represented as the orientation of the segment reference frame (fixed to the 185 

segment) relative to the global reference frame [7]; the segment reference frame was aligned 186 

with the global reference frame in a neutral position, as previously defined [9]. The segment 187 

angle data were normalized to a standard standing posture [7]. 188 

This study adopted a modified vector coding technique. The eight segment coupling pairs 189 

of interest were selected: (1) pelvis frontal vs. thigh frontal, (2) pelvis sagittal vs. thigh sagittal, 190 

(3) thigh frontal vs. shank frontal, (4) thigh sagittal vs. shank sagittal, (5) thigh sagittal vs. shank 191 

frontal, (6) shank sagittal vs. rearfoot sagittal, (7) shank transverse vs. rearfoot frontal, and (8) 192 

shank frontal vs. rearfoot frontal. These specific segment couplings were selected as they are 193 

primarily associated with lower extremity joint loading and motor control mechanisms in tennis. 194 

First, the segment angle data of interest for the three recovery movements were time-normalized. 195 

Segmental coordination was derived from the angle-angle plots of the segments of interest, 196 

where the proximal joint served as the abscissa and the distal joint as the ordinate [7]. The 197 

coupling angle (𝛾𝑖) was defined as the angle formed by the vector connecting two consecutive 198 

time points relative to the right horizontal axis (Eq.1) [7]. 199 

𝛾𝑖 = 𝑡𝑎𝑛−1 (
(𝜃(𝐷(𝑖+1)) − 𝜃(𝐷𝑖))

(𝜃(𝑃(𝑖+1)) − 𝜃(𝑃𝑖))
) ⋅

180

𝜋
(𝐸𝑞. 1) 200 

𝑥𝑖̅ =
1

𝑛
∑ 𝑐𝑜𝑠 𝛾𝑖

𝑛

𝑖=1

(𝐸𝑞. 2) 201 

𝑦𝑖̅ =
1

𝑛
∑ 𝑠𝑖𝑛

𝑛

𝑖=1

𝛾𝑖 (𝐸𝑞. 3) 202 
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𝛾𝑖̅ = 𝑡𝑎𝑛−1 (
𝑦𝑖̅

𝑥𝑖̅
) ⋅

180

𝜋
(𝐸𝑞. 4) 203 

𝐶𝑉𝑖 = √2 (1 − √𝑥𝑖̅
2 + 𝑦𝑖̅

2) ⋅
180

𝜋
(𝐸𝑞. 5) 204 

Where  𝑖  is the 𝑖 -th time point after data normalization, and 𝜃𝐷  and   𝜃𝑃 represent the 205 

angles of the distal and proximal segments, respectively [7]. 206 

Using circular statistics, the coordination variability (𝐶𝑉𝑖) was calculated as the circular 207 

standard deviation of the 𝑖-th coupling angle across the five trials for each set of normalized 208 

data (Eqs 2-5), where 𝑛  represents the 𝑛 -th data point among the five sets, and 𝑥𝑖̅  and 𝑦𝑖̅ 209 

denote the horizontal and vertical components of the mean coupling angle at the 𝑖-th point [7]. 210 

As depicted in Figure 1(C), the recovery movement phase was divided into a brake phase and 211 

a push-off phase based on the peak flexion/extension angle of the ankle joint in the sagittal 212 

plane. 213 

2.4 Statistical Analysis 214 

Statistical analyses were divided into mean data analysis and one-dimensional statistical 215 

parametric mapping (SPM1d) analysis. For the mean data analysis, statistical procedures were 216 

performed using SPSS software (Version 19, IBM Corporation, New York, USA). A one-way 217 

repeated measures analysis of variance (ANOVA) was utilized to analyze the differences in 218 

phase CV for the seven pairs across the three post-forehand recovery movements. First, data 219 

normality was assessed using the Shapiro-Wilk test, and the sphericity assumption was 220 

evaluated using Mauchly's test. If the sphericity assumption was violated, the degrees of 221 

freedom were corrected using the Greenhouse-Geisser method. When the main effect of 222 

ANOVA was significant, a post-hoc paired t-test was conducted. For pairwise post-hoc 223 

comparisons, the Bonferroni correction was applied to adjust the significance level to control 224 

for Type I errors associated with multiple comparisons. The effect size was interpreted using 225 

partial eta squared (𝜂𝑝
2): large effect > 0.14, medium effect > 0.06, small effect > 0.01 [8], with 226 

the 𝛼 level set at 0.05. For post-hoc pairwise comparisons, Cohen's 𝑑 and Cohen's 𝑑𝑧 were 227 

used to evaluate the magnitude of effect sizes, which were classified as: large effect > 0.8, 228 

medium effect > 0.5, small effect > 0.2 [8]. 229 
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Segmental CV time series were compared across the three stances using statistical 230 

parametric mapping, one-way repeated measures ANOVA (α = 0.05) implemented through the 231 

open-source spm1d package (version 0.4, www.spm1d.org) in Python (version 3.11.14). For 232 

each significant post-hoc result, a window-based standardized effect size (Cohen's 𝑑𝑧 ) was 233 

calculated to quantify the magnitude and direction of the differences between conditions. 234 

3 Results 235 

3.1 Discrete Mean Coordination Variability 236 

The CV values across all evaluated stances demonstrated relatively narrow standard 237 

deviations, reflecting highly stable lower-extremity kinetic execution during the trials. As 238 

shown in Figure 2(B), during the brake phase, a significant main effect was observed for pelvis 239 

sagittal vs. thigh sagittal (F = 3.72, P = 0.038, 𝜂𝑝
2 = 0.22), but the post-hoc paired t-test revealed 240 

no significant difference. As illustrated in Figure 3(B), during the push-off phase, a significant 241 

main effect existed for pelvis sagittal vs. thigh sagittal (F = 4.24, P = 0.025, 𝜂𝑝
2 = 0.25), and 242 

the post-hoc paired t-test identified a significant difference between the semi-open stance and 243 

open stance (P = 0.035, d = 0.78). A significant main effect was also found for shank frontal vs. 244 

rearfoot frontal (F = 3.85, P = 0.034, 𝜂𝑝
2 = 0.23), yet the post-hoc paired t-test indicated no 245 

significant difference.  246 

 247 

Figure 2. Coordination variability data of the segments of interest during the brake phase of the post-stroke 248 

recovery movement across the three stances. 249 
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 250 

Figure 3. Coordination variability data of the segments of interest during the push-off phase of the post-251 

stroke recovery movement across the three stances. 252 

3.2 SPM1d Results for Coordination Variability 253 

Regarding the SPM1d time series results for CV, as depicted in Figure 4(A), during the 254 

brake phase, a significant main effect was present for thigh sagittal vs. shank frontal (46.6-255 

56.5%, F ≥ 7.78, P = 0.001, 𝜂𝑝 
2  = 0.42), but the post-hoc paired t-test showed no significant 256 

difference. As shown in Figure 4(B), shank sagittal vs. rearfoot sagittal exhibited a significant 257 

main effect (95.7%-99.0%, F ≥ 8.08, P = 0.028, 𝜂𝑝
2 = 0.45), though the post-hoc paired t-test 258 

revealed no significant difference. As shown in Figure 5(A), in the push-off phase, a significant 259 

main effect was found for pelvis sagittal vs. thigh sagittal (93.0%-93.0%, F ≥ 8.66, P = 0.05, 260 

𝜂𝑝
2  = 0.4), but the post-hoc paired t-test indicated no significant difference. As depicted in 261 

Figure 5(B), in the push-off phase, thigh sagittal vs. shank frontal demonstrated a significant 262 

main effect (55.9%-62.1%, F ≥ 7.68, P = 0.014, 𝜂𝑝
2 = 0.51), the post-hoc paired t-test revealed 263 

a significant difference between the semi-open and open stances (57.5%-61.3%, P = 0.008, 264 

𝑑𝑧 = 1.404). As shown in Figure 5(C), shank sagittal vs. rearfoot sagittal exhibited a significant 265 

main effect (0.0%-2.3%, F ≥ 7.87, P = 0.04, 𝜂𝑝
2 = 0.44), yet the post-hoc paired t-test showed 266 

no significant difference. 267 
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 268 

Figure 4. Coordination variability time series results during the brake phase of the recovery movement 269 

across different stances. (A) thigh sagittal vs. shank frontal; (B) shank sagittal vs. rearfoot sagittal. Coordination 270 

variability (°): mean ± standard deviation; SPM{F}: main effect results of SPM1d for coordination variability, 271 

with the solid blue line representing the statistical parametric mapping {F} statistic and the dashed black line 272 

indicating the significance threshold; SPM{t}: post-hoc t-test results, with the solid blue, purple, and red lines 273 

representing the statistical parametric mapping {t} statistic, and the dashed black lines indicating the significance 274 

thresholds and directions. SPM: statistical parametric mapping. 275 

 276 

Figure 5. Coordination variability time series results during the push-off phase of the recovery movement 277 

across different stances. (A) pelvis sagittal vs. thigh sagittal; (B) thigh sagittal vs. shank frontal; (C) shank 278 

sagittal vs. rearfoot sagittal. Coordination variability (°): mean ± standard deviation; SPM{F}: main effect results 279 
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of SPM1d for coordination variability, with the solid blue line representing the statistical parametric mapping 280 

{F} statistic and the dashed black line indicating the significance threshold; SPM{t}: post-hoc t-test results, with 281 

the solid blue, purple, and red lines representing the statistical parametric mapping {t} statistic, and the dashed 282 

black lines indicating the significance thresholds and directions. S-O: semi-open vs. open. SPM: statistical 283 

parametric mapping. 284 

4 Discussion 285 

The primary focus of this study was to utilize segmental CV data to quantify the differences 286 

in recovery movements following tennis strokes across various stances, thereby revealing their 287 

movement strategies. Our results indicated a concurrent increase in proximal (pelvis-thigh) CV 288 

and a decrease in distal (thigh-shank) CV during the open stance push-off phase, which supports 289 

our hypothesis. From a dynamical systems perspective, this divergent pattern reflects a task-290 

specific adaptation rather than a uniform systemic change [32]. The decreased thigh-shank CV 291 

indicates a constrained motor pattern. Effective energy transfer along the kinetic chain during 292 

open stance strokes relies on sufficient hip range of motion [37]. Conversely, the increased 293 

pelvis-thigh CV serves as a proximal compensatory mechanism. Because the open stance 294 

mechanically restricts natural pelvic rotation compared to the neutral stance, the sensorimotor 295 

system must employ greater variability in proximal couplings to facilitate trunk repositioning 296 

and maintain balance [16]. Therefore, the simultaneous presence of decreased distal CV and 297 

increased proximal CV represents a functional trade-off between distal stability and proximal 298 

compensation. 299 

In tennis, the forehand stroke involves a bottom-up sequence of movements termed the 300 

‘kinetic chain’, in which the hip joint is responsible for transferring maximum energy from the 301 

lower extremities to the trunk [24]. During the forehand stroke, the hip joint must withstand 302 

substantial forces during the flexion, extension, and rotational movements executed by the 303 

player to generate a powerful shot [11]. In our study, within the push-off phase, the pelvis 304 

sagittal vs. thigh sagittal coupling exhibited significantly higher values for the open stance 305 

compared to the semi-open stance. This implies that the open stance entails a greater range of 306 

flexion-extension motion in the sagittal plane for the pelvis and thigh segments compared to 307 

the semi-open stance. Our results appear consistent with previous research findings regarding 308 

the striking phase [24], the open stance involves greater flexion and extension activities. This 309 
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qualitative observation seems reasonable, as when executing a stroke in an open stance, players 310 

are required to generate greater angular momentum around the longitudinal axis and perform a 311 

larger range of hip motion compared to the neutral and semi-open stances [25]. Previous 312 

research has demonstrated that the open stance forehand elicits significantly greater 313 

compressive forces at the hip joint compared to the neutral stance [24]. Consequently, the 314 

elevated proximal variability observed here may reflect a coordination strategy to accommodate 315 

these heightened kinetic demands. Furthermore, repetitive exposure to high hip joint loads 316 

during dynamic rotations may increase the risk of developing hip-related pathologies over time 317 

[38]. The current study lacks direct kinetic measurements, such as joint moments or contact 318 

forces. Future investigations combining coordination variability with inverse dynamics are 319 

required to validate this proposed link. 320 

Our findings demonstrated that during the push-off phase, the CV of the thigh sagittal vs. 321 

shank frontal coupling was significantly lower in the open stance compared to the neutral stance. 322 

In the open stance, due to the absence of weight transfer in the direction of the stroke, the trunk 323 

undergoes greater rotation toward the target [19]. The lack of weight transfer during the push-324 

off phase reduces CV, which may subject the knee joint to repetitive loading [15]. Previous 325 

studies have indicated that individuals with less variability in their lower extremity 326 

neuromuscular control patterns may experience overuse injuries. For example, fatigue wear of 327 

articular cartilage results from the accumulation of micro-damage under repetitive stress [15]. 328 

Regarding the decreased thigh-shank CV, we acknowledge that the interpretation of movement 329 

variability in the literature is highly nuanced. Reduced CV is not exclusively indicative of a 330 

pathological state; rather, it often reflects a functional stabilization strategy [3], [7]. During the 331 

high-demand push-off phase, lowering distal variability is likely a necessary mechanical 332 

adaptation to secure the knee joint and ensure efficient lateral force transmission. However, 333 

while this highly repeatable coordination pattern is functionally beneficial for immediate 334 

movement execution, it inherently restricts the distribution of mechanical loads across different 335 

articular surfaces [15]. Therefore, it is plausible that the potential knee injury risk may stem 336 

from the prolonged, repetitive application of this constrained pattern over the course of a match. 337 

This repetition could theoretically concentrate stress on localized structures, rather than low CV 338 
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being inherently injurious on its own. Furthermore, the SPM1d analysis provides crucial 339 

temporal context by identifying a specific significant window (57.5%–61.3%) during the push-340 

off phase where this distal CV reduction occurs. Biomechanically, the mid-to-late portion of the 341 

push-off phase aligns with the generation of peak propulsive ground reaction forces [5], which 342 

are required to accelerate the center of mass laterally. This temporally specific reduction 343 

suggests that the motor system adopts a conservative coordination strategy to stiffen the distal 344 

joints, ensuring mechanical stability for force transmission [7]. The open stance features 345 

relatively extensive hip joint motion and lower knee coupling CV. We hypothesize that athletes 346 

reduce distal joint CV to accomplish an efficient push-off, thereby more effectively 347 

transitioning to the next stroke. Compared to other stances, this reflects the unique hip-knee 348 

synergistic strategy exhibited by the open stance for efficient recovery. When confronted with 349 

the demands of rapid force generation and specific postural constraints, this alteration in 350 

coordination patterns reflects a compensatory interaction within the lower extremity kinetic 351 

chain aimed at ensuring movement execution efficiency [3]. 352 

We found that significant differences across stances primarily occurred in the sagittal plane. 353 

Compared to other stances, this may represent a unique coordination strategy employed by elite 354 

athletes during open stance recoveries. On the other hand, because both the neutral stance and 355 

the semi-open stance involve a follow-through action, specifically, the right foot stepping 356 

forward onto the force plate after the stroke before returning laterally, the recovery movement 357 

patterns of these two stances are highly similar. Consequently, no significant differences in CV 358 

were found during the recovery phase between these two stances. 359 

Several limitations of this study should be acknowledged, which also provide directions 360 

for future research. First, the sample size of the current study is relatively small, this strict 361 

sampling prevented confounding from the unstable kinetic mechanisms typical of lower-level 362 

players, limiting generalizability to females or novices. Second, utilizing an imaginary ball 363 

compromised ecological validity by removing the perceptual constraints inherent in real match 364 

play. However, since unanticipated stimuli significantly alter lower extremity coordination 365 

strategies [36], using an actual approaching ball would compel athletes to make spontaneous 366 

perceptual-motor adjustments. This resultant kinematic noise could easily confound the 367 
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baseline coordination differences inherently caused by the stances. Thus, while this highly 368 

controlled paradigm restricted natural perceptual-motor exploration, it was a necessary 369 

methodological trade-off. Consequently, the observed coordination variability may not fully 370 

reflect the dynamic adaptations and movement strategies of unconstrained competition. Finally, 371 

future studies integrating kinetic analysis would facilitate a more comprehensive understanding 372 

of the neuromuscular driving mechanisms underlying these movement patterns.  373 

From a practical training perspective, understanding these stance-specific coordination 374 

strategies provides valuable insights into movement efficiency. Coaches might consider these 375 

kinematic differences when designing load-management protocols, potentially favoring the 376 

neutral stance during certain training phases to proactively modulate synergistic loading along 377 

the lower-extremity kinetic chain. 378 

5 Conclusion 379 

This study characterizes distinct lower extremity coordination patterns during the lateral 380 

recovery phase of different tennis forehand stances. Specifically, the open stance elicits a 381 

divergent coordination strategy during the push-off phase, characterized by increased proximal 382 

(pelvis-thigh) CV alongside decreased distal (thigh-shank) CV. From a motor control and sports 383 

performance perspective, these kinematic alterations reflect functional adaptations to specific 384 

task constraints. The reduced distal variability likely acts to stabilize the knee for optimal lateral 385 

force transmission, whereas the increased proximal variability serves as a compensatory 386 

mechanism to facilitate rapid trunk repositioning and maintain dynamic balance. Ultimately, 387 

this task-specific trade-off between distal stability and proximal flexibility highlights the 388 

movement efficiency of advanced tennis players during rapid court recovery. Therefore, future 389 

studies incorporating inverse dynamics are necessary to objectively evaluate actual joint 390 

loading. 391 

Acknowledgments: We would like to express our gratitude to all those who took part in this study, as 392 

well as those who provided invaluable guidance and support. 393 

Funding Statement: This study was sponsored by National Key R&D Program of China 394 

(2024YFC3607305), General Program of Guangdong Provincial Natural Science Foundation 395 

of China (2026A1515010084), Joint Fund of Zhejiang Provincial Natural Science Foundation 396 



 

16 

of China (LKLY26H170001), Zhejiang Provincial Key Project of Education Science Planning 397 

(2025SB084), Scientific Research Fund of Zhejiang Provincial Education Department 398 

(Y202559510), Ningbo Key Research and Development Program (2022Z196), China 399 

Postdoctoral Science Foundation (2024M751541), Zhejiang Rehabilitation Medical 400 

Association Scientific Research Special Fund (ZKKY2023001), Research Academy of 401 

Medicine Combining Sports, Ningbo (No.2023001), Ningbo Clinical Research Center for 402 

Orthopedics and Exercise Rehabilitation (No.2024L004), and K. C. Wong Magna Fund in 403 

Ningbo University. 404 

 405 

References 406 

[1]  Abrams, G.D., P.A. Renstrom, and M.R. Safran, Epidemiology of musculoskeletal injury in 407 

the tennis player. Br J Sports Med, 2012. 46(7): p. 492-8. 408 

[2]  Abuwarda, K. and A.-R. Akl, Kinematic and muscle co-activation patterns in the 409 

dominant arm across forehand stroke phases in wheelchair tennis. Frontiers in 410 

Bioengineering and Biotechnology, 2025. Volume 12 - 2024. 411 

[3]  Bartlett, R., J. Wheat, and M. Robins, Is movement variability important for sports 412 

biomechanists? Sports Biomechanics, 2007. 6(2): p. 224-243. 413 

[4]  Bernstein, N., The Co-ordination and Regulation of Movements. 1967: Pergamon Press. 414 

[5]  Cen, X., et al., Influence of medial longitudinal arch flexibility on lower limb joint 415 

coupling coordination and gait impulse. Gait & Posture, 2024. 114: p. 208-214. 416 

[6]  Chang, H. and X. Cen, Can running technique modification benefit patellofemoral pain 417 

improvement in runners? A systematic review and meta-analysis. International Journal of 418 

Biomedical Engineering and Technology, 2024. 45(2): p. 83-101. 419 

[7]  Chen, T.L.-W., et al., Changes in segment coordination variability and the impacts of the 420 

lower limb across running mileages in half marathons: Implications for running injuries. 421 

Journal of Sport and Health Science, 2022. 11(1): p. 67-74. 422 

[8]  Cohen, J., Statistical Power Analysis for the Behavioral Sciences. 1988, Hillsdale, NJ: 423 

Lawrence Erlbaum Associates. 424 

[9]  Delp, S.L., et al., An Interactive Graphics-Based Model of the Lower Extremity to Study 425 

Orthopaedic Surgical Procedures. IEEE Transactions on Biomedical Engineering, 1990. 426 

37(8): p. 757-767. 427 

[10]  Dempsey, A.R., et al., The effect of technique change on knee loads during sidestep 428 

cutting. Med Sci Sports Exerc, 2007. 39(10): p. 1765-73. 429 

[11]  Elliott, B., Biomechanics and tennis. Br J Sports Med, 2006. 40(5): p. 392-6. 430 

[12]  Gao, S., et al., Impact of Becker muscular dystrophy on gait patterns: Insights from 431 

biomechanical analysis. Gait & Posture, 2025. 121: p. 160-165. 432 

[13]  Gao, Z., et al., Musculoskeletal modelling sequentially integrated with stress simulation 433 

reveals asymmetrical knee loading and ligament stress during long-distance running. 434 



 

17 

BMC Sports Science, Medicine and Rehabilitation, 2025. 17(1): p. 337. 435 

[14]  Hamill, J., C. Palmer, and R.E. Van Emmerik, Coordinative variability and overuse injury. 436 

Sports Med Arthrosc Rehabil Ther Technol, 2012. 4(1): p. 45. 437 

[15]  Hamill, J., et al., A dynamical systems approach to lower extremity running injuries. 438 

Clinical Biomechanics, 1999. 14(5): p. 297-308. 439 

[16]  Iwamoto, S., T. Fukubayashi, and P. Hume, Pelvic rotation and lower extremity motion 440 

with two different front foot directions in the tennis backhand groundstroke. J Sports Sci 441 

Med, 2013. 12(2): p. 339-45. 442 

[17]  Jian, X., et al., Running-Induced Fatigue Exacerbates Anteromedial ACL Bundle Stress in 443 

Females with Genu Valgum: A Biomechanical Comparison with Healthy Controls. 444 

Sensors, 2025. 25(15): p. 4814. 445 

[18]  Ju, Y.Y., et al., Elbow, wrist kinematics and shock transmission of backhand stroke in 446 

wheelchair tennis players. Sports Biomech, 2024. 23(4): p. 402-416. 447 

[19]  Kawamoto, Y., et al., Directionally compensated mechanical work provided by the 448 

shoulder leads to similar racket velocities during open and square stance forehand 449 

groundstrokes in tennis(). Eur J Sport Sci, 2019. 19(7): p. 902-912. 450 

[20]  Lambrich, J. and T. Muehlbauer, Plantar pressure is changed to increase post-impact ball 451 

speed during longline forehand and backhand groundstroke in elite female tennis 452 

players. Front Sports Act Living, 2023. 5: p. 1165628. 453 

[21]  Li, F., et al., Dynamic simulation of knee joint mechanics: individualized multi-moment 454 

finite element modelling of patellar tendon stress during landing. Journal of 455 

Biomechanics, 2025. 186: p. 112730. 456 

[22]  Manske, R.C. and M.V. Paterno, Rehabilitation of Knee Injuries, in Tennis Medicine: A 457 

Complete Guide to Evaluation, Treatment, and Rehabilitation, G. Di Giacomo, T.S. 458 

Ellenbecker, and W.B. Kibler, Editors. 2018, Springer International Publishing: Cham. p. 459 

415-437. 460 

[23]  Martin, C., et al., Upper limb joint kinetic analysis during tennis serve: Assessment of 461 

competitive level on efficiency and injury risks. Scand J Med Sci Sports, 2014. 24(4): p. 462 

700-7. 463 

[24]  Martin, C., et al., Can the Open Stance Forehand Increase the Risk of Hip Injuries in 464 

Tennis Players? Orthop J Sports Med, 2020. 8(12): p. 2325967120966297. 465 

[25]  Martin, C., et al., Influence of the forehand stance on knee biomechanics: Implications 466 

for potential injury risks in tennis players. Journal of Sports Sciences, 2021. 39(9): p. 992-467 

1000. 468 

[26]  Martin, C., et al., Influence of shoe torsional stiffness on foot and ankle biomechanics 469 

during tennis forehand strokes. Eur J Sport Sci, 2023. 23(6): p. 914-924. 470 

[27]  Mausehund, L. and T. Krosshaug, Knee Biomechanics During Cutting Maneuvers and 471 

Secondary ACL Injury Risk: A Prospective Cohort Study of Knee Biomechanics in 756 472 

Female Elite Handball and Soccer Players. Am J Sports Med, 2024. 52(5): p. 1209-1219. 473 

[28]  Minghelli, B. and J. Cadete, Epidemiology of musculoskeletal injuries in tennis players: 474 

risk factors. J Sports Med Phys Fitness, 2019. 59(12): p. 2045-2052. 475 

[29]  Pluim, B.M., et al., Physical Demands of Tennis Across the Different Court Surfaces, 476 

Performance Levels and Sexes: A Systematic Review with Meta-analysis. Sports Med, 477 

2023. 53(4): p. 807-836. 478 



 

18 

[30]  Pluim, B.M., et al., Tennis injuries: occurrence, aetiology, and prevention. Br J Sports 479 

Med, 2006. 40(5): p. 415-23. 480 

[31]  Qian, Y., et al., Estimating dynamic plantar pressure distribution from wearable inertial 481 

sensors using a hybrid CNN-BiLSTM architecture. Acta of Bioengineering and 482 

Biomechanics, 2025. 27(2): p. 211-227. 483 

[32]  Seay, J.F., et al., Coordination Variability around the Walk to Run Transition during 484 

Human Locomotion. Motor Control, 2006. 10(2): p. 178-196. 485 

[33]  Sheikhi, B., et al., Altered trunk and lower extremity movement coordination after 486 

neuromuscular training with and without external focus instruction: a randomized 487 

controlled trial. BMC Sports Sci Med Rehabil, 2021. 13(1): p. 92. 488 

[34]  Wen, J., et al., Effects of foot rotation on ankle control and injury risk during badminton 489 

lunge landings. BMC Sports Science, Medicine and Rehabilitation, 2025. 17(1): p. 341. 490 

[35]  Xia, Z., et al., Biomechanical Strategies for Minimizing Force Plate Targeting Effects 491 

during Running: Efficacy of Masked Force Plate Integration with Augmented Visual 492 

Feedback. Journal of Human Kinetics, 2025. 493 

[36]  Xu, Y., et al., Influence of unanticipated side-step cutting and landing on trunk and lower 494 

limb biomechanics: A systematic review and meta-analysis. Journal of Biomechanics, 495 

2025. 190: p. 112863. 496 

[37]  Young, S.W., et al., Hip range of motion and association with injury in female 497 

professional tennis players. Am J Sports Med, 2014. 42(11): p. 2654-8. 498 

[38]  Zhang, C., et al., Femoroacetabular impingement and osteoarthritis of the hip. Can Fam 499 

Physician, 2015. 61(12): p. 1055-60. 500 

[39]  Zhou, H. and U.C. Ugbolue, Biomechanical Analysis of Lower Limbs Based on Unstable 501 

Condition Sports Footwear: A Systematic Review. Physical Activity and Health, 2024. 502 

[40]  Zhu, C., et al., Toe Box Shape of Running Shoes Affects In-Shoe Foot Displacement and 503 

Deformation: A Randomized Crossover Study. Bioengineering, 2024. 11(5): p. 457. 504 

 505 


