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ABSTRACT 

Background 

Comprehensive balance assessment is essential for evaluating balance deficiencies, 

particularly in individuals with limited mobility and increased fall risk. However, 

clinical balance assessments often rely on subjective scoring and simplified models 

that may not capture the full dynamics of human postural control. Additionally, center 

of pressure (COP)-based metrics and inverted pendulum models offer limited insight 

into whole-body balance ability. Balance regions (BRs) offer a more holistic approach 

by quantifying balanced center of mass (COM) states. Previously, BRs were used to 

assess the balancing capabilities of bipedal systems and humans in simulation; 

however, there is a lack of real-world implementations of whole-body BR analyses in 

human balance. 

Methods 

This study presents a novel experimental framework to quantify human balance using 

COM-based BRs derived from large postural sway tasks. The participants comprised 

22 healthy young adults who performed voluntary, supported, and perturbed anterior–

posterior (AP) sway exercises while standing on force plates, with a full-body motion 

capture setup. COM trajectories were obtained from individualized musculoskeletal 

models in OpenSim to construct BRs, which were compared with linear inverted 

pendulum (LIP) limits. Key COM-based metrics included maximum AP margin of 

stability (MoS), maximum AP velocity, extrapolated COM (XcoM) range, and BR 

areas. COP measures (root mean square (RMS), range, 95% confidence ellipse area, 

mean AP velocity) and joint kinematics were also analyzed. 

Results 
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COM trajectories largely stayed within the LIP-based analytical boundaries, with BRs 

capturing individualized balance envelopes. Significant sex differences were observed 

in the maximum posterior MoS (p=0.01974), XcoM range metrics (p<0.03924), and 

BR areas (p<0.045). COP metrics varied significantly across tasks in the RMS, 95% 

confidence ellipse area, and mean velocity (p<0.02046), and inverse kinematics 

revealed distinct joint coordination patterns during sway; there was a significant sex 

difference in the COP range during perturbed backward sway (p=0.03053). 

Conclusions 

This study presents a novel, COM-based experimental framework for balance 

assessment that captures whole-body stability regions from dynamic postural tasks. 

BRs provide a quantitative and individualized measure of balance capacity beyond 

traditional metrics. This framework has potential for fall risk evaluation, balance 

training, and integration with wearable or markerless motion capture in clinical and 

neurorehabilitation settings. 

 

KEYWORDS 

Balance, musculoskeletal modeling, motion capture, center of mass, center of 

pressure, inverse kinematics 
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BACKGROUND 

Human balance and postural control are complex physiological processes demanding 

the coordination of sensory inputs, neural feedback, cognitive processing, and desired 

motor outputs (1, 2); these intricate systems are essential for maintaining postural 

stability and avoiding falls in daily life (3). Therefore, understanding and monitoring 

human balance is essential to address a wide array of health issues spanning various 

patient populations, as well as in improving sports performance and rehabilitation in 

athletes. To this end, balance is a multivariate skill that has primarily been studied by 

observing the ability to maintain stability under various conditions, including standing 

posture maintenance (4) or during controlled leaning and recovery tasks (5). 

Similarly, responses to different types of perturbations can also be evaluated to 

determine balancing ability and resilience, such as through continuous sinusoidal 

platform shifts (6), sudden push or pull forces applied to the body, optical flow 

perturbations, and treadmill-based perturbations through sudden 

deceleration/accelerations (7). 

 

In clinical settings, several functional balance tests are used to evaluate an individual's 

static and dynamic balancing ability. The Romberg Test (standing with eyes open and 

closed) (8) and the Single Leg Stance Test (9) are both basic static tests that allow for 

quick screening of balance issues in patients, whereas the Berg Balance Scale is a 

functional balance test that evaluates both static and dynamic balance through 14 

tasks (10). The Mini-BESTest focuses on dynamic balance tasks and includes items 

related to anticipatory postural adjustments and reactive postural control, and is 

considered one of the most comprehensive balance tests (11). Lastly, the Y-Balance 

Test and the Star Excursion Test (12) are common tests to measure dynamic balance, 
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while the Timed Up-and-Go Test has also been established as a sensitive measure for 

identifying fall risk (13). Although these tests are well-established and standardized, 

they often rely on subjective scoring and may be limited in scope, lacking 

comprehensive quantitative and objective metrics.  

 

To address these limitations, quantitative and objective measures have been explored 

in the literature; most commonly, a stabilogram analysis is used to assess balance, 

which tracks the trajectory of the center of pressure (COP), the point where the 

ground reaction force (GRF) vector is applied. From the stabilogram, metrics such as 

the range, velocity, and area of the COP trajectory can provide quantitative indicators 

of postural stability (14). The Limits of Stability test is another key method of balance 

assessment that evaluates the maximum distance a person can sway in various 

directions without losing balance, offering a clear, quantifiable measure of balance 

control and the ability to maintain stability within a defined boundary (15, 16, 17). In 

addition to these linear approaches, more complex metrics, such as the Lyapunov 

exponent, quantify the stability of postural control in response to small perturbations 

over time, providing deeper insights into the dynamic and nonlinear aspects of 

balance (6).  

 

In addition to stabilograms and COP-based metrics, the mechanics of standing 

balance in the anteroposterior (AP) direction are often modeled using a linear inverted 

pendulum (LIP) model, where the body pivots around the ankle and is treated as a 

rigid rod with its mass concentrated at the center of mass (COM) (2). Within the LIP-

based framework, balance is maintained by the body continuously striving to keep the 

COM within the base of support (BoS), which is defined as the area of contact 
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between the feet and the ground. From the LIP, the margin of stability (MoS) can be 

obtained as a key metric in assessing balance control, particularly in dynamic 

conditions; this margin represents the difference between the extrapolated center of 

mass (XcoM), a predictive measure that incorporates both the position and velocity of 

the COM, and the edge of the BoS (18). The MoS is defined as the distance between 

the XcoM and the BoS, with a negative MoS indicating that the XcoM has moved 

beyond the BoS. The XcoM trajectory and resulting MoS values ultimately signal the 

need for corrective actions, such as stepping, to restore balance (18). Utilizing these 

frameworks centered around the MoS and XcoM concepts offers a robust approach 

for understanding balance control during dynamic movements and predicting 

potential balance recovery (18, 19).  

 

While the MoS assesses the immediate state of balance and the potential for 

corrective actions, more comprehensive methodologies, such as the Balance Region 

(BR), have been developed to evaluate stability over a range of conditions (20, 21). 

The BR is a state-space region that defines the set of feasible COM positions and 

velocities where stability can be maintained without requiring corrective actions, such 

as stepping. The BR overall encapsulates the dynamics of postural control, accounting 

for both the position and velocity of the COM. The boundaries of the BR (i.e., BR 

envelope) are ultimately shaped by individualized factors, such as muscle strength and 

neuromuscular control, allowing for personalized assessments of balance capacity 

(22). This envelope of the BR establishes the limits of an individual’s balancing 

ability and can be used to extract specific features, such as the area of the BR. 

Previously, optimization-based approaches were implemented to numerically 

determine the BR using kinematic models (23, 24, 25) by iteratively testing the 
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balance recoverability of specified initial COM states, where experimental validation 

was performed on bipedal robot systems and some human studies. A reinforcement 

learning (RL)-based muscle controller was also previously developed to investigate 

balancing ability in simulation using BRs, which demonstrated distinct differences in 

BR shapes and areas between healthy and pathological musculoskeletal models, 

showing promise for quantifying balance (26). The RL-based approach builds upon 

optimization-based methods by utilizing a musculoskeletal model in lieu of traditional 

kinematic modeling, allowing for the exploration of physiological effects on 

balancing ability. While the use of musculoskeletal models increases the real-world 

relevancy of simulations, there is still a need for further experimental validation of the 

resulting outcomes. Although the aforementioned computational approaches exist for 

whole-body balance assessment using BRs, empirical studies are limited in number 

and a clear application of BRs in real-world settings has not yet been outlined.  

 

In this study, we aimed to establish a COM-based balance analysis approach using 

experimentally derived BRs to quantify an individual’s ability to maintain balance 

during controlled dynamic sway exercises. Through this, we sought to validate the use 

of whole-body COM-based balance assessment parameters, such as the BR area, by 

comparing existing LIP- and COP-based metrics and associated joint patterns. As a 

result, the proposed analysis represents one of the few existing multi-dimensional 

balance quantification efforts, in which biomechanical parameters of different nature 

(e.g., COP-, COM-, joint-based) are contextually analyzed. We believe that the MoS 

and BR complement each other by providing distinct but related insights: MoS offers 

immediate feedback on balance risks and corrective actions, while BR provides a 

more comprehensive picture of balance capacity over time, accounting for individual 
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variability. However, unlike traditional LIP- or COP-based metrics, our BR approach 

captures the COM state space trajectories from real-world dynamic sway, providing a 

more complete measure of balance ability. Furthermore, we conducted a sub-analysis 

of sex-specific differences in the COM, BR, COP, and inverse kinematics (IK) 

outcomes, contributing to a deeper understanding of individual variability in balance 

control, offering potential considerations for more individualized rehabilitation 

programs. 

 

RESULTS 

A demographic summary of the participants is presented in Table 1. Male and female 

groups were compared in the following measures: age, height, body mass, body mass 

index (BMI), and foot length. There was no significant difference in age between 

male and female participants (p=0.7657). However, participant height and body mass 

were significantly greater in male participants (p<0.001 and p = 0.0128, respectively). 

BMI was not significantly different between the male and female participant groups 

(p = 0.4779). Lastly, foot length was found to be significantly longer in males than in 

females (p<0.001). Overall, expected sex differences (height, body mass, and foot 

length) were present between the two groups; however, age and BMI were not 

significantly different. 

 

Table 1 Participant Demographics Summary 

 
All Participants 

(N = 22) 

Male Participants 

(N=11) 

Female Participants 

(N=11) 
p-value 

Age (yrs) 24.77 ± 4.37 24.82 ± 5.15 24.73 ± 3.69 0.7657 

Height (m) 1.72 ± 0.13 1.82 ± 0.07 1.62 ± 0.09 <0.001* 

Body Mass (kg) 71.48 ± 17.11 80.70 ± 15.70 62.28 ± 13.50 0.0128* 

BMI 23.92 ± 3.80 24.23 ± 3.78 23.62 ± 3.99 0.4779 

Foot Length (m) 0.25 ± 0.02 0.268 ± 0.016 0.237 ± 0.018 <0.001* 

*denotes significance (p<0.05). Values presented are mean ± standard deviation. 
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Balance Region Analysis 

For the balance recovery analysis during the supported and perturbed sway trials, the 

hand contact phase was excluded to reduce the influence of potential external 

assistance. To quantify hand contact contribution, 𝐹𝑝𝑢𝑠ℎ was calculated for all trials to 

establish a force threshold for identifying instances of hand contact (Fig. 7). After 

comparing force profiles across all participants and examining the videos of hand 

contact and separation, a threshold of ±30 N (sign dependent on direction of the 

pushing force) was used to determine hand contact. This comparison was performed 

by matching the moment of hand release with the reduction in external force 

(calculated by the force balance in Eq. 1); 30 N was empirically found by averaging 

the residual force without hand contact across multiple sessions and participants. 

After determining the force threshold, the COM states without hand contact were 

extracted for the supported and perturbed conditions and included in the analysis, 

along with all COM states from the voluntary sway exercise. Here, all COM state 

trajectories without hand contact in the direction of recovery are referred to as balance 

recovery trajectories and are included in the corresponding participant- and task-

specific BR. For voluntary sway, the entire trial was considered to be a test of balance 

recovery, so all oscillating COM state trajectories in both directions were included in 

the BR. COM states from voluntary sway, supported sway, and perturbed sway trials 

for each participant were used to obtain the participant-specific BRs, encompassing 

all five activities (VS, SSF, SSB, PSF, and PSB). All states were then normalized to 

facilitate direct comparison between participants, where the COM position was 

normalized by the foot length along the sagittal plane (𝐿𝑓𝑜𝑜𝑡) and the COM velocity 

was normalized by 𝐿𝑓𝑜𝑜𝑡 × 𝜔, with 𝜔 as the natural frequency of the participant’s LIP 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

model (21). The original and normalized BRs of two example participants are shown 

in Fig. 1. 

 

Considering all participants’ respective BRs [see Additional file 6 for all BRs], the 

COM states stayed within the analytical boundaries provided by the LIP model (using 

their respective height and foot length) during the VS exercise (blue). COM states 

during SSF and SSB also generally stayed within the analytical limits; though, in 

some cases, the participants were able to reach the edges of their BoS in the supported 

condition. In the perturbed trials, the added velocity component from the push can be 

observed in the BR with greater velocities than the other sway exercises, where the 

balance recovery COM trajectories also generally stay parallel to the characteristic 

direction of the LIP boundaries (23), hence resembling the balance recovery of an LIP 

model. 
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Figure 1 Original (left column) and normalized (right column) BRs of two example participants (one 

per row) are presented, where voluntary sway is blue, supported forward sway is red, supported 

backward sway is yellow, perturbed forward sway is purple, and perturbed backward sway is green. 

The analytical LIP boundaries are presented as two black lines, and the effective BoS (from marker 

positions of the heel and toe) of the participant is also presented in black with the participant’s ankle 

position at x = 0 (calculated from body kinematics). All COM positions are with respect to the ankle 

position. Thick lines indicate the balance recovery portions of the exercise when there is no external 

support or pushing forces applied (based on the force threshold), and the lighter lines are the remaining 

COM states of the entire trial. In normalized BRs, the COM position was normalized by the foot length 

(𝐿𝑓𝑜𝑜𝑡) and the COM velocity was normalized by 𝐿𝑓𝑜𝑜𝑡 × 𝜔. 

 

For each participant, the selected COM-based metrics were derived from the 

normalized BRs (Fig. 2, Table 2). Significant differences between sexes were 
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observed in the overall maximum posterior MoS metric (p=0.01974, effect 

size=1.081). Similarly, both the total XcoM range and XcoM range from MoS0 were 

significantly different between sexes (p<0.0392, effect size=0.833±0.119). Lastly, 

both alpha shape and convex hull area metrics presented significant sex differences 

(p<0.045, effect size=0.585±0.007). All other COM-based metrics did not reveal any 

significant differences between the two groups. 

 

 

Figure 2 Normalized COM- and BR-based metrics across all participants and groups. The y-axis is the 

non-dimensional value for each metric. *denotes significance (p<0.05). 

 

Table 2 Normalized COM- and BR-based metrics  

 
All 

Participants 

(N=22) 

Male 

Participants 

(N=11) 

Female 

Participants 

(N=11) 

p-value 
Effect Size 

(Cohen’s d) 

Maximum MoSant 0.067 ± 0.077 0.076 ± 0.066 0.059 ± 0.089 0.6294 0.209 

Maximum MoS0,ant 0.068 ± 0.076 0.077 ± 0.062 0.059 ± 0.090 0.6551 0.236 

Maximum MoSpost 0.033 ± 0.080 0.071 ± 0.083 -0.006 ± 0.058 0.0197* 1.081 

Maximum MoS0,post 0.060 ± 0.089 0.101 ± 0.073 0.018 ± 0.087 0.0590 1.031 

Maximum Anterior 

Velocity 
0.422 ± 0.099 0.389 ± 0.083 0.454 ± 0.107 0.1313 0.671 
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Maximum Posterior 

Velocity 
0.390 ± 0.084 0.395 ± 0.091 0.386 ± 0.080 0.9096 0.104 

XcoM Range 0.900 ± 0.132 0.853 ± 0.133 0.947 ± 0.118 0.0055* 0.749 

MoS0 Range 0.871 ± 0.120 0.820 ± 0.121 0.922 ± 0.100 0.0392* 0.917 

Alpha Shape Area 0.290 ± 0.092 0.264 ± 0.096 0.316 ± 0.083 0.0357* 0.580 

Convex Hull Area 0.421 ± 0.134 0.382 ± 0.122 0.460 ± 0.139 0.0450* 0.590 

*denotes significance (p<0.05). Values presented are mean ± standard deviation. 

 

COP Metrics 

Task-specific differences in COP were assessed using an rmANOVA for each of the 

selected COP measures; significant differences were found in the RMS, 95% 

confidence ellipse area, and mean velocity in the AP direction (p<0.0205). COP range 

in the AP direction did not reveal significant task-specific differences. Post-hoc paired 

t-tests between tasks for RMS revealed significant differences between VS and SSB, 

VS and PSF, VS and PSB, SSF and SSB (p<0.001), SSF and PSF, SSF and PSB 

(p<0.0029). The paired t-tests between tasks for area of the 95% confidence ellipse 

revealed a significant difference only between the VS and PSB (Fig. 3B, p=0.0039) 

activities. Among the task comparisons for mean velocity, significant differences 

were found between VS and SSB, VS and PSF, VS and PSB, SSF and PSF, SSF and 

PSB, SSB and PSF, and SSB and PSB (p<0.0019). Outcomes of all post-hoc task 

comparisons can be found in Additional file 7. Considering sex differences, the only 

significant difference between male and female participants was found in the COP 

range metric during the PSB (p=0.0305). 

 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

 

Figure 3: Mean of selected normalized COP metrics for each group with sex-specific comparison 

shown. Error bars represent standard error of the mean. The y-axis is the non-dimensional value for 

each COP metric. *denotes significance (p<0.05). 

 

Inverse Kinematics 

To consider the joint angle trajectories during the sway exercises across all 

participants and repetitions, each sway activity was divided into different phases, 

depending on the different postures present in each activity (Fig. 4). For each trial, the 

COM velocity zero-crossings were used to determine the key postures, and all joint 

angles were resampled to match the phase, where each phase was set to be 200 

samples; after the resampling, all repetitions were then averaged for each participant. 

This breakdown allows for a more direct comparison between the activities, the 

overall balance capacity given by the BR metrics, and the different joint-level 

mechanical strategies for postural balance observed from IK results. 
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Figure 4 Phase definition for sway activities. A) The voluntary sway exercise involved participants 

starting from a standing posture, swaying forward, returning to standing, swaying backward, then 

returning to standing again. B) The activities involving a forward sway only (supported forward sway 

and perturbed forward sway) were segmented into standing, forward sway, and return to standing. C) 

Similarly, activities involving a backward sway were composed of an initial standing posture, 

backward sway, and the recovered standing posture. 

 

The sagittal plane IK results for five joints (pelvis with orientation relative to global 

frame, lumbar, hip, knee, ankle) are presented in Fig. 5, where the lower-limb joint 

(hip, knee, ankle) are from the right side of the body, assuming symmetry during the 

tasks. Although the OpenSim model comprised joints across the entire body and all 

joints were used for the IK calculations, the primary lower-limb, lumbar, and pelvis 

joints controlling sagittal plane movement were selected for the descriptive IK 

analysis and plotting. Additional figures for female and male participants separately 

can be found in Additional file 8. There was an increased anterior pelvic tilt during 

the forward sway portion of the voluntary sway activity, as well as both supported and 

perturbed forward sway activities. Similarly, the pelvis had increased posterior tilt 

during the latter half of voluntary sway, which involved swaying backward, and both 
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isolated backward sway activities. The lumbar joint (connecting the lumbar segment 

and the pelvis) stayed relatively constant across all activities, except for a slight 

increase in flexion at the onset of pushing during the perturbed backward sway 

activity. Considering the starting posture across all activities, IK results indicate that 

participants had increased hip extension while standing. During the first half of 

voluntary sway, there was an increase in hip flexion, which was also observed in both 

the supported and perturbed forward sway activities; likewise, the latter half of 

voluntary sway and both backward sway activities had increased hip extension. Knee 

extension increased during all forward sway motions, and knee flexion increased 

during the backward sway motions. Across all activities, the ankle joint remained in a 

slightly dorsiflexed position. However, unlike the more proximal joints in the 

kinematic chain, the ankle joint did not present a consistent pattern across forward and 

backward sway movements. For instance, the overall pattern of increased 

plantarflexion then increased dorsiflexion was present during both voluntary sway and 

backward sway. There was increased dorsiflexion then plantarflexion during the 

supported forward sway activity, but overall slightly increased and constant 

dorsiflexion during the perturbed forward sway activity. The ankle joint also 

presented increased variance across trials and participants during the pushing region 

of the perturbed backward sway trial. Overall, the isolated forward and backward 

sway IK results closely resembled those of the forward and backward sway 

components of the voluntary sway activity. 
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Figure 5 IK trajectories for pelvis, lumbar, hip, knee, and ankle joints from all participants are shown 

for all five sway activities during each phase segmentation. Assuming symmetry, lower-limb joints 

(hip, knee, ankle) from the right side are presented. Mean ± standard deviation is shown, where 

standard deviation is represented by the red shaded region. Light gray regions indicate portions of the 

perturbed trials where hand contact was found to be above the specified threshold. Stances used for 

each activity phase are represented at the bottom of the figure; colors for each stance match legend in 

Fig. 1. 

 

DISCUSSION 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

Many existing balance assessment metrics are not implemented in a comprehensive 

manner and fail to capture information from the whole-body balancing ability; 

instead, most are focused on the foot-ground interaction and simplified models of 

human balance. Therefore, there is a clear need for more holistic approaches that 

account for the coordinated whole-body movement required to regain and maintain 

balance, particularly in the field of physical rehabilitation.  To address this gap, the 

present study aimed to establish a more comprehensive approach with an 

experimental balance assessment framework for large dynamic postural sway that 

employs COM-, BR-, and COP-based metrics using a standard motion capture setup. 

This framework was exemplified by investigating balancing ability during five sway 

activities performed in the sagittal plane: voluntary sway, supported forward and 

backward sway, and perturbed forward and backward sway. Similarly, sex-specific 

differences across selected balance metrics were also compared to demonstrate 

examples of insights that can be gleaned from this approach. Lastly, the IK results 

from these activities were compiled and compared for joint-level differences across 

tasks and sexes. 

 

Assessment of BR Metrics and Comparisons with LIP Boundaries 

LIP models are widely used to approximate bipedal motion (27) and do well in 

designing simple balance controllers, particularly in robotics (28, 29); additionally, 

the MoS criterion based on the LIP model is a well-established metric in clinical 

balance assessment (30). However, these models can fall short in capturing the unique 

nuances during balance recovery, particularly with humans. Though there is limited 

exploration of changes to the BR of humans in experimental settings, robot 

applications have demonstrated that real-world balancing ability can extend beyond 
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the LIP boundaries (31, 32). Although these LIP modeling approaches can be 

generalized to all bipedal systems, humans’ neural responses and soft tissues, among 

other factors, introduce unique considerations. To this end, experimental studies can 

help elucidate the shortcomings of kinematic models and help inform future avenues 

for developing more detailed bipedal models and more accurate metrics. In the 

presented study, participants generally maintained their balance within the analytical 

LIP boundaries, with minor excursions outside of the effective BoS in the sagittal 

plane. Across most tasks, average anterior and posterior MoS metrics demonstrated 

positive values, indicating that participants were able to maintain their balance within 

the LIP limits. The findings from this study also contribute to the current literature on 

the utility of using MoS and XcoM for balance assessment. 

 

However, the overall shape of the BR regions defined here presented unique outlines 

that can be bypassed with standard simplified balance metrics. Here, alpha shape and 

convex hull were both used for determining the outline of the BR and calculating its 

area, which can be used to draw inferences regarding differences in balancing ability 

or task performance. Similarly, the BR and its derived metrics provide insight into an 

individual’s balance capacity, allowing for its area to provide a trackable metric of 

overall balance. Although both the alpha shape and convex hull area metrics are 

effective at distinguishing sex differences in this study, the meaning of their resultant 

areas may vary; the boundary outlined by the alpha shape is more sensitive to the 

individual points on the COM state trajectories, which can be adjusted through the 

desired alpha parameter, while the convex hull better represents the outermost points 

of the entire collection of COM states. The sway activities here were selected to 

maximize exploration of a participant’s BR and increase the number of successful 
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COM states, but they may not have been able to capture that participant’s entire BR 

area. To increase exploration further and potentially expand the sagittal plane BR, 

more sway exercises in other directions (e.g., diagonal, mediolateral) could be 

included. Due to the differences in the two area polygons, the convex hull may 

provide a better estimate of the participant’s overall BR area, since it provides a more 

generalized estimation. However, with sufficient sway exercises and trials, the alpha 

shape boundary could eventually capture the BR area more accurately, since the alpha 

shape’s boundary is primarily determined by COM states traversed by the participant. 

In addition, as a future avenue of research, quantifying the convex hull area residing 

outside of the LIP region could provide a metric of dynamic activities and how much 

balance ability is challenged. 

 

Previously, we developed a balance controller in simulation using real-time muscle 

control of a musculoskeletal model through reinforcement learning, where BRs were 

determined for several model configurations (26). In our computational approach, we 

outlined that a BR should encompass all COM states along a balance recovery 

trajectory, not just initial COM states, due to the time-dependent changes that muscle 

undergoes while performing actions; similarly, in this experimental work, we included 

the full balance recovery trajectories of each trial. We also found that the full range of 

the BoS was included within the BR when considering the whole balance recovery 

trajectory. In the experiment, however, the full BoS range was primarily covered 

during the supported trials for most participants. This is potentially due to other neural 

responses (e.g., subconscious postural reflexes, fear of falling, perceived instability) 

in the participants preventing them from reaching their BoS limits on their own, 

which are not present in the musculoskeletal model framework. When comparing the 
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BR outcomes of both the computational and experimental approaches, the 

computational approach was able to reach larger COM velocities and total BR areas 

than the experimental outcomes. This is likely due to the scale of perturbations 

applied during the experiment trials; if a different perturbation method (e.g., treadmill, 

sliding platform) were to have been utilized, larger perturbations could be applied at 

varying increments of magnitude, allowing for a wider range of COM velocities. In 

future work, comparing the outcomes across a selection of different perturbation 

methods would be an interesting way of achieving a standardized protocol for BR 

generation and balance assessment. 

 

In higher-order kinematic and dynamic models, it is expected that mass distributions 

of each rigid body link will affect the whole-body motion and outcomes; similarly, a 

person’s mass distribution would affect their balancing ability and overall kinematics, 

which was a primary motivator for using musculoskeletal models to determine COM 

kinematics in this study. Sex-specific differences in humans typically arise from 

differences in mass distribution and kinematic factors (e.g., joint angle limits), which 

can also then be complicated by dissimilar aging patterns (33, 34). However, reduced-

order models like the LIP are unable to account for these effects due to their point 

mass assumption. To this end, to bypass the increased complexity of higher-order 

models, many researchers and clinicians prefer simple, experimentally derived 

metrics that can indirectly account for these differences. In the current literature, most 

existing sex-specific considerations in postural balance are primarily focused on COP 

metrics from quiet standing (35); for instance, older men were observed to have a 

larger COP sway area in comparison to older women (36). The need for further 

investigation into sex-related changes in balance and postural control through an 
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expansive large-cohort study is highlighted in the literature, with investigations in 

developing children and adolescents (37, 38, 39) and older adults (36, 40, 41, 42, 43). 

Through this work, we aimed to contribute to the literature on sex-specific changes in 

balance by providing insight into how the BR-, COM-, and COP-based metrics vary 

between groups, as well as variations in general IK trends. 

 

We initially hypothesized that no significant sex differences would be present in this 

sample, since participants comprised healthy young adults and that the normalization 

of COM states would adjust for sex-specific differences (e.g., height, body mass) in 

the resulting metrics. Interestingly, female participants presented increased MoS in 

the posterior direction when compared with male participants, but no differences in 

the posterior MoS0. Similarly, both the XcoM range and XcoM range obtained from 

MoS0 also presented sex-specific differences, where female participants demonstrated 

greater range than male participants. However, since separating the participant pool 

into two sex groups yields 11 participants in each group, these sex comparisons 

should be considered exploratory at this stage and should guide future work. 

 

Additionally, a portion of these results could potentially be influenced by participants’ 

fear of falling and trust during the session; although we did not collect any subjective 

measures, psychological effects may have been present to a certain degree while 

participants performed the task. For instance, swaying maximally backwards can be 

intimidating due to the lack of visual feedback, and requesting participants to rely on 

their ankle joints to regain balance may have increased the fear response in 

participants; recent work has demonstrated the link between fear of falling and 

backward sway in older adults, affecting their postural control strategies (44). 
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Visuospatial feedback during balance tasks has been highlighted in the literature and a 

strong link between the visual and motor systems has been demonstrated, among 

other physiological systems (45). In particular, the use of virtual reality has shown to 

be an interesting avenue for investigating the effect of visuospatial feedback on 

balance, with existing work demonstrating that artificially modifying the surroundings 

can elicit anxiety-related changes in balance (46). Although there is limited work on 

physiological feedback during postural sway, similar approaches using heart-

monitoring and the use of virtual reality could provide interesting avenues for future 

research on the fear of falling in individuals. Fear of falling is of particular importance 

when considering older adults and individuals with mobility difficulties (44, 47, 48, 

49), thereby reducing their overall quality of life and independence. 

 

Influence of Task and Sex on COP Metrics 

Among the selected COP metrics, RMS, 95% confidence ellipse area, and mean 

velocity in the AP direction presented significant differences across the performed 

tasks; this difference indicates that the selected sway exercises were sufficient to 

affect the COP measures and elicit responses. RMS, area, and mean velocity have 

been shown to be sensitive to distinguish between fallers and non-fallers, as well as 

determining fall risk (14). Unexpectedly, COP range did not present significant 

differences across the tasks. COP range was initially selected as a metric of interest 

because we anticipated that varying the direction and magnitude of postural sway 

would directly affect the maximal COP excursions in the anterior and posterior 

directions. In particular, posterior sway can create greater instability due to the limited 

BoS in the posterior direction and the differences in neural processing of forward and 

backward perturbations (50).  
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Upon visual inspection, several tasks seemed to have sex-specific differences, but 

these differences were not reflected in the statistical analysis of the COP measures’ 

sex comparisons. One reason as to why these observed trends were not found to be 

significant could be that the study was underpowered due to the small sample size; 

although the participant pool was sex-balanced, a larger sample size could help to 

better determine whether these trends could be statistically significant. To check for 

achieved power and determine whether sample size was limiting the analysis, a power 

analysis was performed for all four COP metrics’ rmANOVA models. These power 

analyses showed that the sample was underpowered for both the COP range and area 

metrics by achieving 50-55% power for both parameters; however, the RMS and 

mean velocity were found to have more than 95% power. Considering that the sample 

was underpowered for some of the COP metrics, sex comparisons should be 

considered exploratory at this stage. Among the COP metrics, the only sex-specific 

difference found was in COP range during perturbed backward sway. Using the 

COM-based metrics as a guide, the COP range would have been expected to 

demonstrate sex-specific differences, but it was unexpected that this difference was 

only evident in the perturbed backward sway condition. This observation may be 

somewhat aligned with the COM metrics’ results since the MoS in the posterior 

direction was also found to be significantly different between sexes, indicating that 

both the COP and COM metrics demonstrate differences in balancing ability during 

posterior sway, but this comparison was not fully determinable here. Similarly, the 

area metrics for the COM presented sex-specific differences, while the COP area was 

not significantly different amongst the groups; however, considering the visible trends 
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in Fig. 3, further testing with a larger sample with stronger power may provide a 

better representation of the COP metrics. 

 

IK Patterns and Resulting Effects on BRs 

Among the five joints of interest, the pelvis (related to global frame), knee, and ankle 

joints showed the greatest deviations during the tasks, while the hip joint varied 

primarily during the voluntary and forward sways; the lumbar joint remained fairly 

consistent during and across all tasks.  The ankle demonstrated expected 

plantarflexion during forward sway and dorsiflexion during backward sway, 

consistent with sagittal-plane balance control assumptions. However, deviations in 

ankle angle were reduced during the perturbed trials, potentially reflecting more 

conservative balance recovery. During backward sway tasks, the knee presented 

greater flexion, while the changes in knee angle were less pronounced during forward 

sway tasks. This observation is consistent with prior reports of increased knee flexion 

during balance recovery from perturbations (51). Similarly, in (51), the ankle 

demonstrated plantarflexion and the hip experienced extension, which correlated with 

the patterns shown in Fig. 8. For forward sway, the observed increases in ankle 

plantarflexion, knee flexion, hip flexion, and anterior pelvic tilt are consistent with 

prior reports of sagittal-plane balance recovery (52). Similarly, the hip joint had 

increased flexion during the voluntary and forward sway tasks, and trends were less 

pronounced during backward sway. Maximum hip flexion occurs during the 

beginning of the recovery phase in the forward sway tasks, which may be a strategy to 

generate enough momentum to initiate recovery. 
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While the BR provides a compact, COM-based representation of whole-body balance 

capacity, it does not explicitly encode the joint-level strategies used to achieve the 

observed COM states. However, the abovementioned IK results suggest that the shape 

and directional extent of the BR emerge from the availability and coordination of 

underlying joint strategies. In particular, the greater anterior extension of the BR 

observed across tasks is consistent with the use of coordinated proximal strategies 

during forward sway, including increased hip flexion, anterior pelvic tilt, and knee 

extension. These multi-joint contributions allow forward COM displacement to be 

achieved without excessive reliance on ankle torque, thereby enabling participants to 

access a larger range of anterior COM positions and velocities while remaining 

recoverable. In contrast, posterior sway was associated with increased knee flexion, 

hip extension, and greater variability at the ankle, particularly during perturbed 

backward sway. These patterns reflect the biomechanical and sensory constraints of 

posterior balance control, where limited ankle dorsiflexion capacity and reduced 

visual feedback restrict the robustness of available recovery strategies. As a result, the 

posterior BR was consistently more compact, with reduced margins of stability. 

Taken together, these findings suggest that BR geometry reflects not only COM 

dynamics but also the functional availability and robustness of joint-level balance 

strategies, with asymmetries in BR shape encoding directional differences in postural 

control mechanisms that are not directly observable from COM-based metrics alone. 

 

While this was unintended, the reliance on other joints to compensate for limitations 

at the ankle joint goes to show that a single-joint model would face difficulty 

representing bipedal balance. To this end, COM states from an LIP model would be 

insufficient to fully capture the COM kinematics from a higher-order system (e.g., 
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humans). However, it should still be noted that the LIP model presents great utility in 

developing simple and easy-to-implement solutions for quick bipedal analysis and 

control, which helps maintain its prevalence. 

 

When considering sex-specific differences in the joint angle trajectories, general 

trends among all tasks and joints remained similar across both groups. Interestingly, 

there seemed to be increased variance in the ankle joint in female participants during 

perturbed backward sway, particularly during the region where the perturbation was 

applied and hand contact was maintained with the participant. This ankle variance 

could be also attributed to reduced ankle stiffness in females (53), as well as increased 

ankle joint laxity (54). However, for all other joints, both groups presented similar 

trends across all tasks, with female participants presenting slightly reduced variation 

in joint angles. These findings, in conjunction with the sex differences observed in the 

COM-based metrics, may reflect known biomechanical differences in ankle stiffness 

or risk perception between sexes and point to the need for sex-specific rehabilitation 

protocols. 

 

Limitations 

While the presented balance assessment approach demonstrates advancements in the 

field of balance rehabilitation, several limitations need to also be considered for the 

overall conclusions and clinical feasibility. First, the study wholly comprised healthy 

young adults, limiting the extrapolation of results to any specific balance decline 

resulting from a condition, such as in healthy aging or neurological disorders. 

Although the primary aim of this study was to establish a methodology for balance 

assessment using experimental approaches, further investigation including a cohort of 
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individuals with a specific balance limitation (e.g., older adults) would improve the 

work. Alternatively, the equal number of male and female participants allow for sex-

specific comparisons, which are briefly explored in this work; however, the limited 

number of participants in each group reduces the robustness of the findings, and 

future work should address this limitation by increasing the number of participants to 

achieve adequate power. Alongside the increase in participants, a linear mixed-effects 

model (LMM) could be employed as future statistical analysis to better handle 

imbalances in the data as more participants are included in the dataset. Additionally, 

the task and protocol design could be a limitation due to potential learning effects and 

perception of safety by the participants. Each activity was performed for 10 

consecutive repetitions, which may have influenced the final repetition of the activity 

by improving performance due to learning; though, this was performed as such to 

increase the number of COM states and to replicate the computational approaches. 

During these activities, the participants may have also limited their sway due to a fear 

of falling, and using an overhead safety harness instead of rigid bars may help reduce 

these effects.  In future work, the perceived safety and fear of falling should be 

quantified and an overhead safety harness should be used to compare possible effects 

of having a safety mechanism; when including individuals with balance disorders, a 

safety harness should be used regardless. Additionally, these five sway activities may 

not have been enough to capture the entire BR of each participant, and various other 

sway exercises should also be included to expand the breadth of COM states 

collected. Similarly, the BR may be influenced by the perturbation characteristics 

used in the assessment (e.g., magnitude, type of perturbation), thereby creating a task-

dependent relationship. This potential task-dependent relationship of the BR could be 

explored in future work by implementing study protocols that systematically account 

ACCEPTED MANUSCRIPTARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

for varying perturbation magnitudes, directions, and types (e.g., pulling/pushing, 

sliding). The resulting BRs from these protocols could then be compared and used to 

further validate the BR approach, as well as account for task dependency. To this end, 

further research on balance in the mediolateral direction using the presented COM-

based methods should also be pursued to supplement the anteroposterior focus of this 

work and better characterize balance as a whole. Lastly, the external force applied 

from hand contact was estimated and not directly measured, thereby influencing the 

pushing force threshold used in the determination of which COM states to include in 

the final BR. 

 

Implications for Clinical Applications 

The methods presented in this study can be used synergistically with existing standard 

protocols to enhance balance assessment and rehabilitation programs in clinical and 

athletic settings. By integrating the quantification of BRs and tracking COM 

movement, clinicians, physical therapists, and athletic trainers can gather measurable 

insights into the current status and progression of individuals in their care. In 

particular, with the growing adoption of markerless motion capture technologies, 

simple video cameras can be used to track movement during sway exercises and allow 

for the generation of BRs without the need for expensive motion capture equipment 

(55, 56). While motion capture provides critical information about balance and a 

person’s overall movement ability, integrating force sensing (e.g., instrumented 

insoles (57), pressure mats (58)) with motion capture also provides beneficial 

information regarding the dynamics that could be used to enhance balance assessment 

approaches. Similarly, motion capture utilizing portable and affordable inertial 

measurement units (IMUs) would also be a viable avenue for tracking COM motion 
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and obtaining an individual’s BR for balance assessment. To this end, open-source 

technologies like OpenSense (59), provided through OpenSim, allow for the 

integration of IMUs with musculoskeletal models directly, which would improve the 

expansion of the presented study in a more accessible and mobile manner. 

Additionally, by providing a personalized BR envelope describing an individual’s 

balance ability, the BR may serve as a more comprehensive indicator of fall risk or 

rehabilitation progress than currently available clinical assessments. These 

personalized and measurable outcomes could supplement existing standard balance 

assessment protocols by providing a direct quantification that can then be compared 

and associated with existing outcomes (e.g., BR area vs. Mini-BESTest score). Lastly, 

this platform can also be expanded to develop COM tracking games using wearable 

sensors to provide gamified training programs for balance rehabilitation, where 

patients can perform exercises in an engaging manner (60). A gamified solution 

would also provide patients a way of assessing and training their balance both in and 

out of the clinic, thereby increasing the treatment dose of their treatment plan. 

 

CONCLUSIONS 

This study introduced a novel experimental approach to evaluate postural stability 

using participant-specific BRs derived from COM trajectories during dynamic sway. 

By combining full-body motion capture with musculoskeletal modeling, our approach 

quantified balance capacity based on COM measures by bridging standard 

experimental biomechanics methods and dynamic stability analyses with potential for 

clinical applications. Through prescribed large postural sway exercises, kinematic 

data were used to measure and assess balance by generating participant-specific BRs 

comprising COM state trajectories from successful trials across all exercises. COM 
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states from these BRs were then compared with analytical LIP boundaries to derive 

and analyze several metrics (e.g., MoS, XcoM range). Participants were overall able 

to maintain their COM trajectories from all exercises within the LIP bounds, and were 

also able to extend beyond the LIP bounds in some instances, particularly during 

supported sway; this highlights the BR approach’s utility in identifying task- and 

participant-specific variations in balance that traditional balance metrics would 

struggle to capture. Additionally, sex-specific differences were observed in the 

maximum posterior MoS, both XcoM range metrics, and both BR area estimations. 

COP results demonstrated significant task differences in the RMS, 95% confidence 

ellipse area, and mean AP velocity. Lastly, IK results demonstrated slight hip flexion 

during forward sway, potentially indicating the difficulty of an ankle strategy for 

balance recovery from forwarding leaning. These findings highlight the importance of 

joint-specific actions and interventions in balance training and rehabilitation.  Overall, 

our methodology provides a new experimental method to assess whole-body balance 

during large postural sway and is presented alongside traditional objective balance 

measures. Future work can further investigate age- or disease-related decline in 

balance using the BR approach and aim to establish a normative dataset of BRs for 

aging or various pathologies. 

 

METHODS 

Participants 

Healthy adults aged 18-60 years old were recruited for this study, yielding a total of 

22 young adult participants (age = 24.77 ± 4.37 years; 11 males, 11 females), and 

were asked to perform a collection of balance tasks. All procedures were approved by 

the Institutional Review Board at the New Jersey Institute of Technology 
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(IRB#:2212027868) in accordance with the Declaration of Helsinki, and all 

participants provided written informed consent prior to participation. Inclusion criteria 

required participants to be free of neurological, musculoskeletal, or motor disorders 

and to self-assess as healthy. Exclusion criteria included diagnosed movement, 

neurological, psychological, neuromotor, or musculoskeletal disorders, as well as 

recent muscle over-strain or injury. 

 

Experimental Setup and Balance Exercises 

For each participant, 57 reflective markers were placed on specified body landmarks 

by trained lab personnel with extensive motion capture experience according to the 

Biomech 57 Marker Set (61, 62) from OptiTrack (OptiTrack, NaturalPoint, Corvallis, 

OR USA) (Fig. 6A); marker data were collected from a 12-camera OptiTrack motion 

capture system (100 Hz). Additionally, to increase comfort and provide participants 

the choice of having an assistant of the same sex place sensors, at least one male and 

one female research assistant was available during each data collection session. 

Participants were asked to stand in two different poses for the static calibration trials: 

an anatomical pose (standing up straight, feet shoulder-width apart and parallel, arms 

by side with palms facing forward) and a T pose (standing up straight, arms raised 

laterally perpendicular to the body with palms facing down). After the static trials, 

eight calibration-only markers were removed for the subsequent dynamic trials 

according to the markerset’s instructions: medial elbow (LHME, RHME), medial 

knee (LFME, RFME), medial ankle (LTAM, RTAM), and second metatarsal (LFM2, 

RFM2). 
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Figure 6 A) Participant standing in T-pose on AMTI (OR6-7-2000, Advanced Mechanical 

Technology, Inc.) force plates with 57 passive optical markers. Examples of B) Voluntary, C) 

Supported/Perturbed Forward, and D) Supported/Perturbed Backward Sway postures are presented. 

 

Each participant performed ten repetitions of postural sway exercises in both anterior 

and posterior directions within the sagittal plane across three conditions: 1) maximum 

voluntary sway, 2) supported sway, and 3) perturbed sway. Additional movie files 

show videos of each exercise [see Additional files 1-5]. Participants were instructed to 

keep their arms crossed across their chest and feet flat across all exercises. During 

maximum voluntary sway (VS, Fig. 6B), participants were instructed to lean as far 

forward as possible without lifting their heels, then as far backward as possible 

without lifting their toes, before returning to a neutral standing position. During 
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supported sway (SS), participants leaned forward (SSF, Fig. 6C) to their maximum 

extent with guidance and support from the assistant, paused, then returned to standing 

unassisted; the process was repeated for backward sway (SSB, Fig. 6D). For 

perturbed sway (PS), participants initially leaned forward (PSF, Fig. 6C) to their 

maximum extent with assistant support and, upon reaching peak sway, determined by 

onset of heel or toe lifting during sway, a controlled push in the direction of recovery 

was applied to induce perturbation; this was also repeated in the backward direction 

(PSB, Fig. 6D). This setup was inspired by the push-release test commonly used in 

physical therapy, and the push was applied in the direction of recovery to alter the 

participant’s balancing ability without causing them to fall, and the primary intent was 

to augment the participant’s velocity at the start of balance recovery. All balance 

exercises were executed while standing on two force plates (1000 Hz, AMTI, 

Watertown, MA, USA), with one foot on each force plate, from which GRF data were 

obtained. 

 

OpenSim Scaling and Kinematics 

A corresponding full-body musculoskeletal model (63) was anthropometrically scaled 

in OpenSim 4.4 for each participant using their respective static calibration pose 

marker data, where the musculoskeletal model comprised 29 DOFs and 92 

musculotendon actuators. To do so, the Scale Tool in OpenSim was used, where the 

mass of the participant was inputted and “preserve mass distribution during scale” 

was left unchecked to prevent inaccurate calculation of the COM later. The anatomic 

pose marker data was loaded for the scaling, and the scaling procedure was run. 

Virtual marker placements on the model were manually adjusted by comparing with 

photos taken during the session before scaling. IK analyses were performed using the 
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tracking data collected from motion capture to obtain the joint information throughout 

the trials. The overall OpenSim workflow for this IK analysis involved opening the 

scaled musculoskeletal model in the software, loading the marker data (.trc file) from 

the trial into the Inverse Kinematics Tool, and running the IK analysis. Body 

kinematics analyses were also performed in OpenSim to obtain the position, velocity, 

and acceleration of the musculoskeletal model’s whole-body COM for each 

participant. The Analyze Tool in OpenSim was used here by loading the motion file 

obtained from the IK analysis and adding BodyKinematics as an analysis in the 

Analyses tab. The resulting BodyKinematics file describes the position, velocity, and 

acceleration of each rigid body, as well as the whole-body COM. 

 

Balance Region Construction and Metrics Quantification 

A BR was generated for each participant by combining the COM state trajectories 

from all five sway activities: maximum voluntary sway, supported forward sway, 

supported backward sway, perturbed forward sway, and perturbed backward sway. 

Drawing from the previous definitions of the analytical, optimization-based, and RL-

generated BRs, experimentally derived BRs represent the area encompassing the 

collection of COM states during all selected sway exercises, which were obtained 

from the OpenSim analysis. Since the BR also aims to capture a wide range of COM 

states, as demonstrated in the optimization- and RL-based works (21, 26), the 

supported and perturbed sway trials specifically aimed to generate more extreme 

initial conditions that were unreachable in the voluntary sway trials for the 

establishment of each participant’s BR. 
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However, during the supported and perturbed sway trials, external forces from hand 

contact contributed to the participant’s balance recovery and influenced their COM 

kinematics during those instances; therefore, the COM states during the hand contact 

phases were excluded from the BR, which encompassed the unassisted balance 

capability of the participant. First, to identify COM states with hand contact, a simple 

free-body diagram was used to estimate the magnitude and duration of external 

pushing force from the hands (Fig. 7). 

 

 

Figure 7 General free-body diagram of a participant with two external forces along the X axis: external 

pushing force (𝐹𝑝𝑢𝑠ℎ) and friction force (𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛). The total body acceleration is shown (𝑎). 

 

The force balance on the free-body diagram provides an estimate of the external 

pushing force through the following equation: 

 𝐹𝑝𝑢𝑠ℎ = 𝑚𝑎 + 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛. (1) 
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where 𝑚 is the participant’s mass, 𝑎 is the whole-body COM’s acceleration calculated 

from the participant’s body kinematics, 𝐹𝑝𝑢𝑠ℎ  is the unknown force from hand 

contact, and 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 is the friction force measured by the force plate. By calculating 

𝐹𝑝𝑢𝑠ℎ for each participant during the supported and perturbed trials using Eq. (1), as 

well as during voluntary sway should, where it is assumed that no contact with the 

assistant occurred, a force threshold was established to systematically identify COM 

states with an external force above the limit (i.e., presence of hand contact). In 

addition to the removal of hand contact, only COM states in the direction of balance 

recovery were included in the BR. 

 

After constructing the BR, several metrics of different natures were calculated in this 

study to assess balance recovery ability of participants: COM-based metrics are 

introduced based on the constructed BR, COP-based metrics are investigated to align 

with established literature, and IK results are observed to study the joint contributions 

to balance recovery. The COM-based measures were as follows: maximum anterior 

and posterior MoS, maximum anterior and posterior velocity, XcoM range, area of the 

BR estimated using a fitted alpha shape, and area of the BR estimated using a convex 

hull (Fig. 8). As previously defined, the MoS is the distance between the XcoM and 

the edge of the BoS; here, specifically, the maximum anterior and posterior MoS were 

defined as the maximum distance between the XcoM and toe or heel of the BoS, 

respectively. Positive MoS values are within the LIP-defined boundary, while 

negative MoS values are outside of the boundary. Similarly, XcoM range is the 

distance between the maximum and minimum XcoM. In addition to the standard 

MoS, we also calculated the MoS for COM equilibrium states (i.e., states with zero 

velocity), named MoS0, which essentially represents the distance between the BoS 
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limits and the maximal COM positions along the zero-velocity line of the BR in the 

anterior and posterior directions. 

 

Figure 8 Representation of balance region and its corresponding metrics. XcoM and MOS metrics are 

presented in both the anterior and posterior directions, with MOS in blue, MOS0 in red, and XcoM 

range in green. Both alpha shape (shaded blue) and convex hull (shaded orange) BR areas are shown. 

BoS limits are defined at the heel and toe, with x = 0 placed at the ankle joint. The LIP boundaries, 

defined by the relationship shown in Eq. (2), are shown as gray parallel diagonal lines with a slope of -

𝜔. 

 

The XcoM is often used to establish the balance stability region of an LIP model (18) 

and is given by: 

 𝑋𝑐𝑜𝑀 = 𝑥 +
𝑣

𝜔
 

(2) 

where 𝑥 is the horizontal COM position in the sagittal plane, 𝑣 = 𝑥̇ is the horizontal 

COM velocity in the sagittal plane, and 𝜔 =  √𝑔 𝐿⁄  is the natural frequency of the 

LIP, where 𝑔 is the gravity constant and 𝐿 is the height of the LIP. The LIP height, 𝐿, 

for each participant is determined by their average whole-body COM height from a 

30-second standing trial. The condition of balance stability for the LIP is such that the 

XcoM is contained within the BoS of the legged system (18). Here, we use the 
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maximum distance between the heel and toe markers as the functional dimension of 

the BoS in the sagittal plane. By equating the expression of the XcoM in Eq. (2) to the 

anterior and the posterior edge of the BoS, two parallel lines with a slope of -𝜔 

obtained from the XcoM definition can be found as the analytical limits of dynamic 

balance of the LIP model (23). These parallel lines provide an analytical basis for 

comparison with the experimentally derived BR, as well as a point of reference for the 

MoS. This LIP-based balance assessment is based on the following assumptions: a 

point mass model with a constant COM height, a rigid flat foot, unrestricted friction 

force, unconstrained ankle motion, and ankle torque indirectly regulated by 

constraining the COP within the BoS. Further detailed derivations can be found in 

(18) and (23). 

 

The BR area was estimated by defining an envelope of the collection of COM states 

using two boundary estimation approaches: alpha shape and convex hull (Fig. 8). The 

alpha shape estimates the outer boundary of the BR using an alpha parameter  (64, 

65), which controls the level of shrinkage around the outer points, whereas the convex 

hull determines the set of all convex combinations of points in the BR to estimate the 

boundary (i.e., an alpha shape with 𝛼 = 0 or 𝐼𝑛𝑓). Here, the alpha parameter was 

automatically determined as the critical α using the MATLAB package to represent 

the tightest boundary of the BR. 

 

Lastly, COP data were acquired from two separate force plates, one under each foot, 

and were normalized based on the foot length and width, as determined from the foot 

markers. To ensure comparability with COM-based metrics, only the COP trajectories 

during balance recovery without external pushing force were included in the analysis. 
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COP measures were calculated using the open-source code from (14), which provides 

standardized quantifications of common COP metrics. Selected COP measures of 

interest presented here include: root mean square (RMS), range, 95% confidence 

ellipse area, and mean velocity in the AP direction. 

 

Statistical Analysis 

Independent t-tests were conducted to assess sex-specific differences for 

demographical variables and COM-based metrics. Normality was evaluated using the 

Shapiro-Wilk test, while Levene’s test was applied to assess variance equality. If 

either assumption failed, the corresponding recommended nonparametric tests were 

utilized (e.g., Mann-Whitney U). Repeated measures ANOVA (rmANOVA) models 

were used to find task differences in the selected COP metrics. Following the 

rmANOVA, paired t-tests were performed among the 10 pairwise task comparisons 

(VS-SSF, VS-SSB, VS-PSF, VS-PSB, SSF-SSB, SSF-PSF, SSF-PSB, SSB-PSF, 

SSB-PSB, PSF-PSB) as post-hoc tests with the appropriate Bonferroni correction, 

yielding a significance criterion of p<0.005. Cohen’s d was used to calculate and 

report effect size. Subsequent sex-specific differences in selected COP metrics were 

assessed using independent t-tests. Statistical analyses were all conducted using R 

(Version 4.3.1, R Foundation for Statistical Computing, Vienna, Austria), and 

significance was determined using p<0.05. 

 

ADDITIONAL FILES 

File name: Additional file 1 

File format: .MP4 

Title of data: Video of Voluntary Sway 
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Description of data: De-identified video of a participant performing the voluntary 

sway activity. 

 

File name: Additional file 2 

File format: .MP4 

Title of data: Video of Supported Forward Sway 

Description of data: De-identified video of a participant performing the supported 

forward sway activity. 

 

File name: Additional file 3 

File format: MP4 

Title of data: Video of Supported Backward Sway 

Description of data: De-identified video of a participant performing the supported 

backward sway activity. 

 

File name: Additional file 4 

File format: MP4 

Title of data: Video of Perturbed Forward Sway 

Description of data: De-identified video of a participant performing the perturbed 

forward sway activity. 

 

File name: Additional file 5 

File format: MP4 

Title of data: Video of Perturbed Backward Sway 
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Description of data: De-identified video of a participant performing the perturbed 

backward sway activity. 

 

File name: Additional file 6 

File format: .DOCX 

Title of data: Compilation of All Participants’ BRs 

Description of data: All original and normalized BRs for each participant, where the 

left column is the original BR and the right column is the normalized BR. 

 

File name: Additional file 7 

File format: .DOCX 

Title of data: Table of COP rmANOVA Post-hoc Tests 

Description of data: Table including the p-values of the post-hoc test outcomes from 

the rmANOVA comparisons for each COP metric (RMS, 95% ellipse area, mean 

velocity, range). 

 

File name: Additional file 8 

File format: .DOCX 

Title of data: IK Results Grouped by Sex 

Description of data: Average IK plots for male and female participants in the same 

formatting as Fig. 5. 

 

ABBREVIATIONS 

COP: center of pressure 

GRF: ground reaction force 
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AP: anteroposterior 

LIP: linear inverted pendulum 

COM: center of mass 

BoS: base of support 

MoS: margin of stability 

XcoM: extrapolated center of mass 

BR: balance region 

RL: reinforcement learning 

IK: inverse kinematics 

VS: voluntary sway 

SS: supported sway 

SSF: supported sway forward 

SSB: supported sway backward 

PSF: perturbed sway forward 

PSB: perturbed sway backward 

RMS: root mean square 

rmANOVA: repeated measures analysis of variance 

BMI: body mass index 
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