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Purpose: The modified Star Excursion Balance Test (mSEBT) is a clinical tool for dynamic balance assessment. While researchers 
have examined individual joint kinematic predictors of dynamic balance performance, limited data exist on body and joint sway during 
the test execution. Further investigation of kinematic predictors’ influence on dynamic balance is needed to improve assessment 
methodologies. This study aimed to examine the relationship between the center of mass and lower limb kinematics as predictors of 
mSEBT performance.
Patients and Methods: Twenty-seven participants with no history of lower limb joint instability were recruited for this study. The 
inertial sensors were positioned on the non-dominant leg: trunk, thigh, shank, and foot. The participants completed the mSEBT 
barefoot following standardized practice trials with three test trials per direction. The reach distance and lower limb kinematic data 
were recorded. Spearman rank’s correlation and stepwise multiple regression analyses identified key predictors of dynamic balance 
performance.
Results: Ankle dorsiflexion was a strong predictor of normalized reach distance in the anterior direction (r² = 0.34, p < 0.001). 
Body center of mass displacement was the strongest predictor of posteromedial and posterolateral reach (r² = 0.55, p < 0.001; 
r2 = 0.57, p = < 0.001, respectively). The combined influence of the body center of mass and hip flexion accounted for 65% of 
the variance in the posterior reach assessments.
Conclusion: This study highlights the key biomechanical factors that influence dynamic balance, focusing on the interaction between 
joint mobility and segmental control. Ankle dorsiflexion is critical for anterior balance, whereas hip flexion and body center of mass 
displacement are essential for posterior balance.
Keywords: postural balance, accelerometry, lower extremity, biomechanical phenomena

Introduction
Dynamic balance is essential for physical performance, injury prevention, and rehabilitation, particularly among 
physically active individuals. Maintaining balance during complex movements requires intricate coordination of 
neuromuscular and biomechanical systems.1,2 The modified Star Excursion Balance Test (mSEBT) or Y-Balance 
Test, an adaptation of the Star Excursion Balance Test (SEBT), is widely used to assess dynamic balance and predict 
lower extremity injury risk.3 The mSEBT reach distances reflect dynamic postural control, including lower extremity 
balance, flexibility, and strength. This assessment challenges participants to maintain a stable base of support while 
maximizing their reach with the opposite limb.4 The anterior and posterior reach directions in the mSEBT impose 
distinct biomechanical and neuromuscular demands. Anterior reach tasks emphasize quadriceps and hip abductor 
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control, whereas posterior reaches rely on hip extensor activation, trunk stabilization, and anticipatory postural 
adjustments (APAs) to maintain balance during movements. These directional differences give rise to specific 
postural control strategies, which are important to consider when interpreting reach performance.5 SEBT perfor-
mance can reveal asymmetries and deficits associated with lower extremity injuries, identifying subtle neuromus-
cular control and dynamic stability differences following injury.6,7 However, mSEBT scores fluctuate based on 
factors such as age, athletic proficiency, and population characteristics.8,9 Additionally, this clinical test relies on 
visual and observational assessments, limiting the ability to identify the underlying kinematic factors influencing 
balance performance.

Technological advancements in motion analysis, particularly portable Inertial Measurement Units (IMUs), have 
improved the ability to quantify dynamic movements with high precision. IMUs, integrating gyroscopes, accel-
erometers, and magnetometers, provide accurate orientation measurements and real-time kinematic data during 
dynamic tasks.10 They offer advantages such as portability, ease of use, and data collection in naturalistic 
environments. Despite their increasing application in biomechanical research, few studies have incorporated 
IMUs into dynamic balance assessments.11–13 This integration could enhance the reliability and validity of balance 
testing, offering precise insights into the biomechanical factors influencing performance and injury risk.

Balance testing protocols using IMUs allow for more accurate quantification of joint range of motion (ROM) and center 
of mass (COM) displacement than visual assessment methods.14 Previous 3D motion analysis studies have highlighted the 
significance of trunk and lower limb kinematics, such as trunk, hip, and ankle ROM, in influencing mSEBT scores.5,15 

Similarly, IMU-measured COM displacement is a critical indicator of postural control and balance stability, aiding in 
assessing balance impairments.13,14 However, prior studies have primarily examined individual components, either joint 
kinematic or COM displacement, which limits the understanding of their combined impacts on dynamic balance perfor-
mance. Additionally, research on joint kinematic variables in dynamic balance evaluation remains scarce.16

Given the biomechanical complexity of the mSEBT, a comprehensive analysis that integrates both lower limb 
joint ROM and COM displacement may offer deeper insights into postural control mechanisms. A more integrated 
approach could enhance the precision of functional assessments in populations with balance impairments. 
Therefore, the objective of this study was to examine the combined effects of lower limb joint and COM 
kinematic factors during the mSEBT, in order to determine their individual and collective contributions to dynamic 
balance performance. We hypothesized that COM control would positively predict reach distance across all 
directions. Additionally, we posited that hip ROM would be associated with improved performance in the poster-
omedial and posterolateral directions, whereas greater ankle ROM would enhance reach in the anterior direction.

Methodology
Participants
We recruited 27 physically active adults (16 males, 11 females; age: 26 ± 5 years; height: 1.67 ± 0.09 m; weight: 
63.87 ± 14.40 kg) from Kyushu University, Fukuoka, Japan. The sample size was determined using a statistical 
power analysis conducted with G*Power (version 3.1.9.7), applying a linear multiple regression fixed-effects 
model. The effect size (f2) was set at 1, based on the coefficient of determination (R2) between ankle dorsiflexion 
and the anterior reach score,15 with seven potential predictors included. A sample of 27 participants was required 
to achieve a statistical power of 0.90 at a significance level of p < 0.05. The inclusion criteria were as follows: (1) 
age between 18 and 45 years, (2) right leg dominance, assessed using the Waterloo Footedness Questionnaire- 
Revised, and (3) possession of a healthy ankle, verified with the Cumberland Ankle Stability Tool (CAIT) 
questionnaire (score >24). Participants were excluded if they met any of the following criteria: (1) acute leg or 
back injury within 5 days before the experiment, (2) moderate to severe muscle fatigue before testing, or (3) any 
health abnormalities (eg, fever, dizziness, diarrhea) during the study period. This study was approved by the 
Research Ethics Review Committee of the Faculty of Design, Kyushu University (approval number: 593/2023).
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Experiment Setup
Demographic data and screening forms were collected before testing. After attaching IMU sensors to the stance leg, 
participants stood on a test platform with their eyes open and hands on hips to perform the mSEBT barefoot. Each 
participant practiced the leg reach four times for familiarization. The final test consisted of three consecutive trials in 
each direction,17 with a one-minute rest between trials. Upon completion of the motions, the reach distance in each 
direction was measured using a distance measuring tape.

Experiment Protocol and Data Collection
Inertial Measurement Units (IMUs) Sensor Assessment
Four IMU sensors (Xsens DOT, Xsens Technologies B.V., Netherlands) were used to analyze the joint kinematics at 
a sampling frequency of 60 Hz. To minimize potential strap movement, the skin was first cleaned with alcohol before 
sensor placement. A firm Velcro strap was then applied directly to the skin, and each sensor, secured within a 3D-printed 
holder, was mounted on the strap to ensure stability and prevent sensor shift. Sensors were placed on the spinous process 
of the L5 vertebrae (trunk), middle half of the thigh (thigh), tibial tuberosity (shank), and middle half of the metatarsal 
bone (foot) (Figure 1). Kinematic data in three axes were recorded during a movement task and transmitted to an iPad 
app (Movella DOT™, v.2023.6.0) for data visualization. The raw IMUs data were exported via the Movella DOT™ Data 
Exporter (v.2023.6.0) and analyzed offline using MATLAB (MathWorks, R2023b, Update 4). This study examined the 
ROM of the lower extremity in the sagittal plane of the stance leg. Additionally, a single sensor analyzed COM 
displacement, represented by the root mean square displacement (RMSD) in the anteroposterior and mediolateral 
directions (X–Y axes). Although COM was estimated using a single sensor positioned at the L5 vertebrae level, 
representing a simplified method compared to multisegmental modeling, this approach has been shown to yield valid 
and reliable measurements in dynamic balance assessments and was therefore deemed acceptable for this study.13,18 

Test–retest reliability for balance assessment using the IMUs approach was moderate to good, with an intraclass 
correlation coefficient (ICC) of 0.71 for RMSD and 0.60–0.87 for other time-domain parameters. The assessment 
demonstrated validity compared to the center of pressure in the gold standard protocol19 and correlated highly with 
the Berg Balance Scale and Timed Up and Go test in clinical applications.20

Modified Star Excursion Balance Test (mSEBT)
The mSEBT assesses dynamic balance and predicts lower limb injury, particularly ankle instability.21 This test modifies 
the eight-direction SEBT into three directions, demonstrating high sensitivity and intra-rater reliability, with ICC values 

Figure 1 Performance in the (A) anterior, (B) posteromedial, and (C) posterolateral direction for the mSEBT with IMU sensor. All test were performed with left leg stance 
and right leg reach in each direction.
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of 0.88 (range, 0.84–0.93), 0.88 (range, 0.85–0.94), and 0.90 (range, 0.68–0.94) for the anterior, posterolateral, and 
posteromedial directions, respectively.6,22 The testing platform consisted of a nylon fabric with an anti-slip pad and three 
tape lines. The anterior line was positioned 135° from the posterior lines, which were spaced 90° apart. All lines were 
marked in 1 cm increments.

Participants performed a single-leg stance at the center intersection using their stabilized leg, which was the left side 
since all participants were right lower limb dominant. Foot placement was standardized by aligning the great toe tip with 
the intersection’s center (designated as the zero point) for the anterior reach. The posterior reach was standardized by 
positioning the posterior aspect of the heel at the zero point. Throughout the task, participants were required to keep their 
hands on their hips to minimize upper body movement. Participants were instructed to reach their other leg as far as 
possible, touched the line with their big toe, and returned to the initial two-foot standing position.23 Knee and hip flexion 
of the stance leg were permitted to maximize the reach (Figure 1). A trial was deemed unsuccessful and repeated if 
participants: 1) could not maintain a single-leg stance, 2) moved the fixed foot from the marked point, 3) failed to keep 
both hands on the hips, 4) lost balance and failed to return to the two-foot standing position, 5) exhibited noticeable 
swaying during the test, 6) contacted the ground with any part of the reaching leg before returning to the center, or 7) 
shifted weight to the reaching leg while touching the ground. The average reach distance was recorded in each direction.

Data Processing
The ROM of the lower extremity on the stance leg side was calculated from raw IMUs data using the methods developed 
and described by Shah, based on McGrath’s approach.24,25 ROM in the sagittal plane was determined between sensor 
pairs as follows: 1) hip flexion/extension (F/E) using the trunk and thigh sensors, 2) knee F/E using the thigh and shank 
sensors, and 3) ankle dorsiflexion/plantarflexion (DF/PF) using the shank and foot sensors. The combination of hip, knee, 
and ankle ROM was calculated as a composite parameter. Strap-down integration of the linear acceleration signal from 
a single IMU sensor analyzed body and joint COM displacement. The trunk sensor represented body COM, while the 
shank sensor quantified knee displacement. The foot sensor identified ankle motion. IMUs data were filtered using a low- 
pass 4th-order Butterworth filter with a 6 Hz cut-off frequency.24

Normalized reach distance was calculated using individual leg length (from the anterior superior iliac spine to medial 
malleolus) with the following equation: average reach distance divided by leg length multiplied by 100 (Equation 1),26 as 
this method accounts for differences in leg length, providing a more equitable measure of dynamic balance across 
sexes.27

Data Analysis
Statistical analyses were conducted using SPSS (Version 28; IBM Inc., Armonk, NY, USA). Descriptive statistics were 
computed for normalized reach distance in each direction, ROM of the hip, knee, and ankle, and RMSD of the body, 
knee, and ankle COM. Data normality was assessed using the Shapiro–Wilk test, which indicated a non-normal 
distribution. Therefore, Spearman’s rank correlation coefficient was used to examine relationships between normalized 
reach distance in different directions and trunk/lower extremity kinematics.13,28 Stepwise multiple linear regression was 
performed to identify the most significant kinematic predictors for each mSEBT reach direction. This model selection 
approach was used to determine the proportion of variance (R²) in reach performance explained by each predictor 
variable, thereby identifying the most pertinent contributors. To reduce the risk of overfitting due to small sample size, 
correlation analysis was first used to narrow the number of predictors for each direction. The regression analysis then 
incorporated the most correlated kinematic variables within each domain. Furthermore, k-fold cross-validation was used 
to assess the model’s predictive performance and stability. Additionally, variance inflation factor (VIF) values were 
evaluated to confirm the absence of multicollinearity, using a threshold of VIF > 5. Statistical significance was set at 
P < 0.05.
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Results
Thirty participants were initially recruited; however, three were excluded—two due to left-leg dominance and one due to 
a history of ankle sprain. The Cumberland Ankle Instability Tool yielded an average score of 28 ± 2.3.

The hip, knee, and ankle kinematic patterns during the mSEBT revealed direction-specific movement strategies. 
Figure 2 illustrates the mean ROM in each lower limb joint, with the shaded region representing the standard deviation 
during the testing cycle (ie, single-leg squat). The data were normalized to 1000 time units, corresponding to a total 
duration of 16s, with each time unit representing 0.016 s. In the anterior direction, the knee exhibited the most angular 
displacement, peaking at 550 time units concurrent with the hip. The ankle remained relatively stable, reaching its peak 
last. In the posteromedial direction, the hip played a more prominent role, initiating movement earlier and peaking at 600 
time units. The knee contributed moderately at a similar time, while the ankle exhibited minimal displacement, peaking 
before the proximal joints. In the posterolateral direction, the hip showed the most angular displacement, initiating 
movement first and peaking at 590 time units. The knee peaked slightly earlier at 580 time units, with a maximum angle 
of 40 °. The ankle remained consistent, peaking at 10–15 °, concurrent with the knee.

Normalized reach distance scores were: 70.9 ± 4.2% of leg length in the anterior direction, 82.9 ± 6.1% in the 
posteromedial direction, and 76.5 ± 8.5% in the posterolateral direction. Table 1 presents the descriptive statistics (mean 

Figure 2 Lower limb kinematic pattern during a single task of mSEBT: (A) anterior, (B) posteromedial, and (C) posterolateral directions. Data normalized to 1000 frames 
(16 seconds). The standard deviation of kinematic patterns shown in shaded regions.

Table 1 Kinematic Data of Trunk and Lower Extremity on the 
Stance Limb During the mSEBT

Variables Mean ± SD

Anterior Posteromedial Posterolateral

Range of motion (°)

Hip flexion 16.1 ± 8.9 95.5 ± 38.8 85 ± 39.4

Knee flexion 36.3 ± 10.4 52.5 ± 9.6 40.8 ± 17.2
Ankle dorsiflexion 13.6 ± 4.4 12.9 ± 3.8 13.4 ± 5

Composite 65.9 ± 18.5 160.9 ± 41.5 139.2 ± 45.3

RMSD (m/s²)

Trunk 0.7 ± 0.2 1.8 ± 0.7 2.1 ± 0.8
Knee 1.3 ± 0.3 0.9 ± 0.3 1 ± 0.3

Ankle 0.7 ± 0.2 0.7 ± 0.2 0.6 ± 0.2

Abbreviation: RMSD, root mean square displacement.
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± standard deviation) for trunk and lower extremity kinematics. The relationships between normalized reach distances 
and corresponding kinematic data in each direction are listed in Table 2.

Violin plots of the cross-validated R² values revealed distinct patterns of predictive performance across the three reach 
directions (anterior, posteromedial, and posterolateral). In the anterior direction, the model incorporating ankle DF ROM 
exhibited the lowest median R² (~34%). In contrast, for both posteromedial and posterolateral directions, models 
including body COM displacement showed moderate predictive accuracy (median R² ~56%). Notably, the addition of 
hip F ROM to COM displacement significantly improved model performance, increasing median R² values to approxi-
mately 65% in both posterior directions. The shape and width of the violin plot indicated that models combining COM 
displacement and hip ROM not only yielded higher median R² values but also demonstrated tighter distributions, 
suggesting improved consistency and generalizability across folds. In contrast, anterior balance may be more dependent 
on local joint mobility (Figure 3). The regression equations were formulated as follows: anterior direction; ŷ = 63.485 + 
0.556x, where x represents ankle DF ROM. Posteromedial direction; ŷ = 69.235 + 4.066x1 + 0.066x2, and posterolateral 
direction; ŷ = 60.931 + 4.375x1 + 0.091x2, where x1 is trunk RMSD and x2 representing hip F ROM. No outliers were 
detected in the regression model (Table 3 and Figure 4).

Discussion
This study examined the interaction between lower limb joint mobility (hip, knee, and ankle ROM) and COM shifts 
during the mSEBT, and evaluated their individual and combined effects on balance outcomes. Results indicated that 
ankle dorsiflexion significantly predicts anterior reach. Additionally, the increased normalized reach distance in the 
posterior direction was primarily achieved through increased trunk RMSD, greater hip flexion, or a combination of both.

Kinematic Pattern
This study quantified lower-limb kinematic patterns during single-leg reaching tasks, as illustrated in Figure 2, which 
visually represents joint angular displacement and coordination. In the anterior reach, movement initiation was nearly 
simultaneous across the hip, knee, and ankle joints, suggesting a balanced coordination strategy. The knee exhibited the 

Table 2 Correlation Coefficients of Trunk and Lower Extremity 
Kinematics with Normalized Reach Scores in All mSEBT Directions

Variables Normalized Reach Distance Score

Anterior Posteromedial Posterolateral

Range of Motion (°)

Hip flexion r 0.12 0.77 0.81
p 0.56 <0.001 <0.001

Knee flexion r 0.29 0.31 0.17

p 0.13 0.11 0.41

Ankle dorsiflexion r 0.61 –0.26 –0.21
p <0.001 0.19 0.30

Composite r 0.44 0.72 0.69
p 0.02 <0.001 <0.001

RMSD (m/s²)

Trunk r 0.13 0.64 0.81
p 0.94 <0.001 <0.001

Knee r 0.36 0.40 0.42
p 0.04 0.04 0.03

Ankle r 0.18 0.09 –0.20
p 0.36 0.65 0.93

Note: Spearman rank’s correlation analysis, bold text; significant correlation p-value < 0.05. 
Abbreviation: RMSD, root mean square displacement.
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largest angular displacement and the earliest peak, highlighting its primary role in forward movement, whereas the hip 
likely provided additional support for balance. These findings align with previous research indicating that the knee joint 
is the primary contributor to anterior directional tasks due to its significant role in forward propulsion.29 However, the 
ankle remained relatively stable, exhibiting minimal angular displacement, likely due to its function as a stabilizer and 
the inherently limited sagittal plane ROM in a dorsiflexed posture during stance.

Figure 3 Violin plot illustrating the distribution of R² values across 5-fold cross-validation for predictive models of dynamic balance performance: Anterior (blue), 
Posteromedial (green), and Posterolateral (Orange).

Table 3 Stepwise Regression Analysis for Kinematic Variables Prediction Performance on 
the mSEBT

Testing Direction Stepwise Regression Model r2 P-value β*(95% CI)

Anterior Ankle dorsiflexion 0.34 < 0.001 0.587 (0.254, 0.815)

Posteromedial Trunk RMSD 0.55 < 0.001 0.731 (0.473, 0.989)
Trunk RMSD,  

Hip flexion

0.65 < 0.001 0.418 (0.152, 0.683)

Posterolateral Trunk RMSD 0.57 < 0.001 0.754 (0.512, 0.995)
Trunk RMSD,  

Hip flexion

0.65 < 0.001 0.418 (0.140, 0.736)

Notes: Regression Formula: Anterior direction; ŷ = 63.485 + 0.556x; Posteromedial direction; ŷ = 69.235 + 
4.066x1 + 0.066x2; Posterolateral direction; ŷ = 60.931 + 4.375x1 + 0.091x2. 

Abbreviation: RMSD, root mean square displacement.
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In the posterior reach, the hip played a dominant role in maintaining stability and controlling movement, initiating 
motion earlier than the knee and ankle, underscoring its critical function. The knee showed moderate angular displace-
ment, supporting the reaching motion, while the ankle continued to act as a stabilizer. Compared to the anterior direction, 
the posterior reach relied more on hip motion, with the knee serving as a secondary contributor. This reflects the 
increased demand for hip strength and mobility to stabilize and control movement as the reach extends farther from the 
body’s COM. These findings align with previous research emphasizing the importance of hip control in multidirectional 
balance tasks.23

Anterior Reaching Control
Ankle DF ROM is crucial for lower limb biomechanics and stability during functional tasks. This study identified 
significant relationships between ankle DF ROM, knee RMSD, and anterior reach performance. Table 3 summarizes 
these relationships, emphasizing the predictive role of ankle DF ROM in anterior reach tasks. This finding aligns with 
previous research indicating that ankle DF ROM correlates with normalized reach distance and serves as the strongest 
predictor, alongside trunk extension, in anterior reach tasks.15 Ankle DF ROM is linked to increased knee flexion during 
landing and squatting tasks, influencing knee flexion angles in single-leg squat tasks.30 Additionally, individuals with 
chronic ankle instability demonstrate reduced anterior normalized reach during dynamic postural control assessments, 
which is associated with restricted ankle DF ROM.31 The role of DF ROM in forward stability has also been highlighted, 
showing its association with landing mechanics and postural control. Restricted ankle DF ROM alters landing patterns, 
leading to increased hip adduction and knee valgus, which may elevate injury risk.32

Knee alignment control is another factor influencing forward-reaching control. Knee sway reflects a participant’s 
ability to stabilize dynamically while allowing slight knee movements to fine-tune balance.23 Individuals with effective 
neuromuscular control can sway without compromising stability, thereby maximizing reach. The knee serves as a critical 
force transfer point between the foot and hip within the lower kinetic chain.33 Subtle knee sway adjustments optimize 
alignment and coordination across the kinetic chain, enhancing forward movement and task performance. These dynamic 
adjustments improve reach mechanics by maintaining stability and efficiently distributing the mechanical load across the 
lower limbs.

Posterior Reaching Control
A previous study on joint kinematic predictors reported angular displacement as the primary predictor of normalized 
reach distance for posterior direction tasks. The study found that hip flexion combined with ipsilateral and contralateral 
trunk bending as the most predictive factor for posteromedial and posterolateral reaching, respectively.15 In contrast, our 
study found that trunk RMS displacement was the optimal predictor for both posterior reaches. Dynamic balance control 
for backward postural stability involves complex interactions among multiple joints and sensorimotor strategies. APAs 

Figure 4 Scatter plot of the relationship between the best single kinematic predictor and normalized reach distance in (A) anterior, (B) posteromedial (blue), and 
posterolateral (red) directions.
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are critical in maintaining balance during dynamic movements, such as backward reaching. These adjustments encom-
pass changes in kinematics, kinetics, and muscle activity patterns to counteract perturbations and stabilize the body.34

Trunk RMSD represents the body’s COM, contributing significantly to stability through coordinated joint COM 
adjustments, particularly at the hip, knee, and ankle.35 This study found a significant correlation between the posterior 
dynamic balance score, body COM, and knee RMSD. Notably, body COM has emerged as the primary mechanism for 
controlling backward-reaching movements, as demonstrated in both healthy individuals and those with ankle balance 
deficits.13 Figure 4 visually represents this interaction, illustrating the relationship between COM dynamics and reach 
scores during posterior reaching tasks.

The knee joint plays a crucial role in balance control during dynamic tasks. Research indicates that knee joint stiffness 
and viscosity adjust to maintain postural equilibrium before movement initiation.36 Additionally, the knee provides 
a corrective compensatory mechanism in postural regulation, facilitating anticipatory sensorimotor strategies through 
neuroplasticity.37 In conclusion, body COM and the knee joint’s role in COM control are critical for maintaining balance 
during these movements.

Moreover, regarding the kinematic pattern of posterior reaching, hip flexion facilitates forward trunk displacement, 
compensating for the backward movement of the reaching leg and maintaining the COM within the base of support. This 
forward trunk movement coordinated with hip flexion is essential for weight distribution control and body stabilization 
during dynamic balance tasks.23,29 These findings emphasize the critical role of hip flexion in COM adjustment and 
dynamic stability during the SEBT, particularly in the posterior leg reach.

Interpreting these findings within the framework of APAs and segmental coordination models enhances their 
theoretical significance. APAs are feedforward mechanisms that prepare the body for movement by activating stabilizing 
muscles. The significant involvement of body displacement and hip coordination in the posterior reach direction indicates 
that effective APAs are essential for shifting and stabilizing the COM during challenging postural transitions. Similarly, 
segmental coordination models describe how body segments interact in a temporally precise and mechanically efficient 
sequence. Our results align with these patterns: anterior reach relies more on ankle mobility and knee-driven propulsion, 
whereas posterior reach requires the coordinated action of the trunk, hip, and knee. This supports the view that dynamic 
balance is not solely a function of joint flexibility or strength but rather of integrated neuromuscular control involving the 
entire kinetic chain. These frameworks contextualize the observed direction-specific strategies and provide insight into 
how impairments in one segment may influence the entire movement system.

Application to Sports and Rehabilitation
These findings have important implications for both athletic performance and rehabilitation. Enhancing ankle DF ROM 
and hip control in athletic contexts may improve performance in tasks that require directional changes, landings, or 
single-leg stability. In rehabilitation, targeted interventions can address specific joint mechanics, such as ankle mobility or 
trunk control, based on direction-specific deficits observed in the mSEBT. For example, athletes recovering from ankle 
injuries may benefit from DF mobility training to restore anterior reach capacity. In contrast, individuals with posterior 
instability may require core- and hip-focused strategies to enhance COM control.

Limitations and Further Study
This study had several limitations. First, the participants were primarily young, healthy individuals, potentially 
limiting the generalizability of the results to other demographic groups. Future research should include larger and 
more diverse cohorts with variations in age, physical activity levels, and injury backgrounds to improve applic-
ability. Additionally, expanding the scope to include sports-specific or high-impact movements may enhance the 
relevance of these findings for athletic performance and rehabilitation. Second, this study examined angular 
displacement in a single plane in relation to balance performance. Future research should explore the complex 
multiplanar interactions between joints during functional tasks. Third, this assessment requires adequate balance and 
mobility, making it unsuitable for individuals at high risk of falls, who may need alternative evaluations tailored to 
their functional capabilities. Consequently, the specific joint and COM control mechanisms identified in this study 
may not directly translate to other dynamic balance assessments that involve different movement strategies or target 
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distinct domains of postural control. Finally, although the model demonstrated promising associations between 
variables, some confidence intervals were relatively broad, indicating variability in the estimates. Nonetheless, this 
study represents a significant initial effort to integrate both COM displacement and joint ROM in predicting dynamic 
balance performance. Further research with larger sample sizes is warranted to validate and extend these preliminary 
findings.

Conclusion
This study highlights key biomechanical factors influencing dynamic balance, emphasizing the interplay between joint mobility 
and segmental movement control. The findings confirm that ankle DF ROM is a primary determinant of anterior reach 
performance, while body COM displacement and hip F ROM play significant roles in the posteromedial and posterolateral 
directions. The stepwise regression models demonstrated strong predictive power, reinforcing the relevance of joint mobility and 
segmental control in dynamic balance. Notably, this study demonstrated the feasibility and precision of using single and multiple 
IMU sensors to capture key biomechanical parameters, highlighting valuable applications in clinical and sports settings. Although 
the findings were derived from healthy adults, they provide critical insights that may inform future research and practice in broader 
populations, including individuals with balance deficits. These results contribute to a deeper understanding of dynamic balance 
mechanisms and support the integration of wearable technology in biomechanical assessment and intervention design.

Summary
● Ankle dorsiflexion predicted anterior reach performance, whereas the body center of mass (COM) displacement was 

the strongest predictor of posterior reach performance. The addition of hip flexion increased the predictive power, 
highlighting the combined role of COM control and hip mechanics in dynamic balance. This synergy underscores the 
importance of trunk stability and hip flexibility in postural control during multidirectional movement, particularly in 
the posterior direction.

● Kinematic patterns revealed direction-specific strategies: the knee dominated anterior reach tasks with the largest 
angular displacement, whereas the hip was the primary contributor to posterior reaches. The ankle played a stabilizing 
role in all directions.

● This study demonstrated the usefulness of Inertial Measurement Units (IMUs) sensors for capturing biomechanical 
data and improving balance assessment precision. The findings emphasize the potential of IMU-based methodologies 
to enhance future clinical and sports experiments.
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APAs, Anticipatory postural adjustments; COM, Center of mass; DF/PF, Dorsiflexion/Plantarflexion; F/E: Flexion/ 
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square displacement; ROM: Range of motion.
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