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Abstract Postural stability depends on multisensory integration, yet most 
studies focus on a single EMG feature or sensory condition at a time. This 
creates a significant gap in understanding how multiple EMG features 
change when various sensory inputs are altered during quiet standing. To 
address this, the present study examined bilateral medial and lateral 
gastrocnemius activation using five EMG features: Mean Absolute Value 
(MAV), Root Mean Square (RMS), Waveform Length (WL), Integrated EMG 
(IEMG), and Total Power (PT) across four sensory conditions that combine 
visual input (eyes open or closed) and surface stability (stable or 
unstable). A one-way ANOVA revealed significant condition effects for 
RMS, MAV, WL, and IEMG (p < 0.05), while PT showed only a non-
significant trend. Paired t-test results indicated that MAV significantly 
increased on the unstable surface with eyes closed compared to the stable 
surface (t(4) = 4.793, p = 0.009), WL increased in the right lateral 
gastrocnemius under the same condition (t(4) = 3.976, p = 0.016), and 
closing the eyes on a stable surface significantly increased WL in the right 
medial gastrocnemius (t(4) = 6.209, p = 0.003). Across features, the right 
gastrocnemius consistently showed greater modulation than the left, 
suggesting dominance-related asymmetry in neuromuscular control. This 
study provides one of the first bilateral multi-feature EMG 
characterizations of sensory perturbations during quiet standing. The 
findings demonstrate that the absence of vision increases neuromuscular 
demand even on stable surfaces, and that unstable surfaces further 
amplify activation, particularly in complexity-related features such as WL. 
These outcomes highlight the potential of EMG features, especially WL, as 
objective biomarkers for balance assessment. Clinically, the results may 
inform rehabilitation and fall-prevention programs by supporting the use 
of unstable surfaces and vision-restricted exercises to enhance 
proprioceptive and vestibular compensation. 
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I. Introduction 

Maintaining postural stability is a crucial motor function 

for ensuring safety and efficiency in daily activities [1], 

[2]. This complex mechanism depends on integrating 

sensory information from the visual [3], [4], [5], [6], [7], 

vestibular [8], [9], [10], [11], [12], and somatosensory 

systems [13], [14], [15], [16], [17], [18], which 

coordinate muscular responses to sustain an upright 

stance [17], [19], [20], [21]. Among the lower-limb 

muscles, the gastrocnemius plays a critical role in 

stabilizing the ankle joint and maintaining postural 

control, particularly during perturbations [22], [23], [24]. 

As part of the triceps surae group, the gastrocnemius 

comprises medial and lateral heads that may contribute 
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differently depending on balance task demands. The 

activity patterns of these heads offer valuable insights 

into the neuromuscular strategies underlying balance 

maintenance. 

Postural control is often explained through the 

frameworks of multisensory integration and mechanical 

stabilization [25], [26], [27]. According to sensory 

reweighting theory, the nervous system dynamically 

modifies its dependence on visual, vestibular, and 

somatosensory signals based on their reliability for 

maintaining balance. Biomechanical models, such as 

the inverted pendulum and spring–mass 

representations, complement this by depicting human 

posture as an actively stabilized, oscillating system that 

responds to internal and external disturbances through 

neuromuscular actions [28], [29]. These theoretical 

approaches help elucidate how visual deprivation or 

unstable surfaces can influence gastrocnemius muscle 

activation patterns during quiet standing. The essential 

role of the gastrocnemius in postural control has been 

demonstrated in studies examining the neurological 

correlates of muscle activity [7], [30], [31]. For example, 

one study reported intermuscular coherence across 

different frequency bands by capturing bilateral EMG 

signals from the anterior tibialis, medial gastrocnemius, 

and soleus muscles under varying stance conditions 

[32]. The findings showed stronger coherence in lower-

frequency bands during more challenging postural 

tasks, supporting the hypothesis that intermuscular 

coherence involving the gastrocnemius may serve as a 

neural marker of postural stability. Surface 

electromyography (sEMG) has been extensively 

utilized to investigate neuromuscular contributions to 

movement and balance. An increasing number of 

studies have adopted multi-feature EMG analysis to 

extract complementary information beyond single 

descriptors such as Root Mean Square (RMS). For 

instance, features including auto-regressive (AR) 

coefficients, Mean Absolute Value (MAV), variance 

(VAR), RMS, waveform length (WL), and zero-

crossings (ZC) have been effectively employed to 

classify lower-limb movements such as walking, sitting, 

and standing [33]. Systematic evaluations of time- and 

frequency-domain features have also identified both 

redundant and informative subsets among numerous 

proposed EMG features, offering practical guidelines 

for optimizing feature selection in EMG classification, 

though such analyses are rarely applied to postural 

balance contexts [34]. 

Previous research has explored the role of the 
gastrocnemius in maintaining posture through various 

analytical methods. Studies by Rosario and Jose 
(2021) [7], Saraiva et al. (2024) [30], and Vendramini et 
al. (2023) [31] focused on the neural connections of 
muscle activity using intermuscular coherence 
analysis. Ojha et al. (2023) [32], specifically recorded 
bilateral EMG signals from the anterior tibialis, medial 
gastrocnemius, and soleus under different stance 
conditions, discovering stronger coherence in lower 
frequency bands during more challenging postural 
tasks. While these studies effectively highlighted neural 
coupling between muscles, they offered limited insights 
into the activation dynamics of individual muscles and 
did not quantify muscle responses at the feature level 
under sensory challenges. Naik et al. (2018) [33] 
explored multi-feature EMG analysis by combining AR 
coefficients, MAV, VAR, RMS, WL, and ZC features to 
classify lower-limb movements like walking and sitting. 
This method demonstrated strong classification 
performance but was primarily designed for dynamic 
movement tasks, without considering sensory 
influences such as vision or surface stability. In the 
realm of balance control, Ward et al. (2022) [35] 
analyzed sway complexity measures as task difficulty 
increased, confirming their sensitivity to postural 
demand. However, their use of inertial measurement 
units and single-feature analyses limited the 
understanding of muscle-level neuromuscular 
mechanisms.  

Expanding the analytical framework, Chen et al. 
(2023) [36] implemented a multi-feature EMG model 
that integrated spatial and time–frequency domain 
descriptors for hand gesture recognition, 
demonstrating the robustness of multi-feature 
techniques, though this approach was not extended to 
postural stability or sensory perturbation paradigms.  

Similarly, Al Quraish et al. (2021) [37] applied multi-
feature EMG analysis to classify lower-limb movement 
during seated ankle motion; while effective for 
controlled joint tasks, this approach did not encompass 
upright stance or sensory integration aspects relevant 
to balance control. Lastly, Huang and Xiao (2023) [38] 
examined postural control under visual manipulation 
(eyes open vs. closed) by analyzing gastrocnemius 
EMG activity using one or two features such as RMS 
and IEMG. Although their study provided insight into 
visual effects on muscle activation, it focused on a 
single muscle head and lacked a comprehensive, multi-
feature, bilateral analysis. Building on previous 
methodologies, this study integrated five 
complementary EMG features: MAV, RMS, WL, IEMG, 
and Total Power. MAV and RMS are amplitude-based 
metrics that indicate the level of muscle activation, 
while IEMG measures the total energy used over time. 
WL assesses signal complexity and rapid changes, 
making it particularly responsive to neuromuscular 
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adjustments caused by instability. Total Power reflects 
alterations in the frequency distribution of the EMG 
signal. Collectively, these features provide a 
comprehensive view of neuromuscular strategies that 
single-feature analyses cannot achieve.  

Although multisensory integration is crucial for 
balance control, earlier research has mainly evaluated 
postural regulation using center-of-pressure or sway 
metrics, with fewer studies examining muscle-level 
responses through multi-feature EMG analysis. Force-
based analyses offer whole-body insights but fail to 
capture the subtle neuromuscular adjustments 
essential for ankle stabilization. By utilizing multi-
feature EMG under systematically varied visual and 
surface conditions, this study addresses a significant 
gap in understanding how sensory information 
influences muscle-level strategies during postural 
control. Collectively, these six studies have enhanced 
the understanding of neuromuscular mechanisms in 
postural control, but have notable limitations. 
Intermuscular coherence analyses reveal neural 
coupling but lack muscle-specific feature 
characterization; multi-feature EMG studies offer 
robust classification power but overlook sensory 
contributions; and visual manipulation experiments 
provide behavioral insights yet lack bilateral and multi-
feature EMG analysis.  

To address these limitations, the present study 
incorporates bilateral recordings from the medial and 
lateral gastrocnemius, applies a comprehensive set of 
time-domain EMG features (RMS, MAV, WL, IEMG, 
and Total Power), and systematically manipulates 
visual and surface stability conditions. This integrative 
framework provides a richer and more interpretable 
understanding of how sensory information influences 
gastrocnemius activation during postural control.  
Specifically, this study offers a significant contribution 
by quantitatively describing how visual stimuli and 
surface stability influence gastrocnemius muscle 
activation through a comprehensive EMG analysis. It 
identifies Waveform Length (WL) as the most 
responsive feature for detecting neuromuscular 
changes during sensory disturbances and uncovers 
bilateral differences in the activation of the medial and 
lateral gastrocnemius, emphasizing side-specific 
neuromuscular adaptations often neglected in earlier 
studies. These findings enhance the understanding of 
sensorimotor strategies for balance maintenance and 
offer valuable insights for rehabilitation and fall-
prevention efforts. 

This study is organized as follows: Section II 
presents the participant information, proposed 
methods, and statistical analysis procedures. Section 
III presents the descriptive statistical results across all 
sensory conditions, providing an overview of how 

postural and EMG measures varied between stable vs. 
unstable surfaces and eyes-open vs. eyes-closed 
states. Section IV offers an interpretation of the 
findings, compares them with previous studies, and 
outlines the study’s limitations. Finally, Section V 
delivers the conclusions, restating the research 
objectives, summarizing the key findings, and 
proposing directions for future work. 

 

II. Method  

A. Participants 

This study involved five healthy adult participants, 
consisting of three women and two men, with an 
average age of 21.5 years (SD = 0.81). Anthropometric 
data were gathered, showing an average height of 
157.2 cm and an average weight of 52.4 kg. To be 
included in the study, participants had to be free of 
musculoskeletal injuries, neurological disorders, or 
balance issues. Those with a history of lower-limb 
surgery, vestibular problems, or who were taking 
medications affecting balance or neuromuscular 
function were excluded. Prior to joining the study, each 
participant signed a written informed consent form. The 
study protocol received approval from the Institutional 
Ethics Committee and adhered to the guidelines of the 
Padjadjaran University Bandung's Research Ethics 
Committee (Ethical Approval No. 
1010/UN6.KEP/EC/2025). 

B. Apparatus 

The balance performance was evaluated under both 
stable and unstable surface conditions.  An unstable 
surface was generated using a custom-built wobble 
board constructed of laminated plywood measuring 45 
cm in length, 25 cm in width, and 10 cm in height.  The 
board features a curved base that enables tilting, 
posing difficulties in stability in the medial-lateral 
direction.   

 

Fig. 1. EMG data collection a) Electrode placement 
on the medial and lateral gastrocnemius, adapted 
from SENIAM guidelines and prior EMG studies 
[39]. b) Wobble board used to create an unstable 
standing surface, consistent with approaches 
employed in earlier balance-control research [40], 
[41]. 
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Neuromuscular activity was measured using a 
BITalino wireless surface electromyography (sEMG) 
system (PLUX-Wireless Biosignals, S.A.) at a sampling 
rate of 1000 Hz and a resolution of 16 bits. sEMG 
electrodes were placed following guideline of SENIAM 
on the medial and lateral sides of both the left and right 
gastrocnemius muscles, which are important in the 
strategy for postural control.  To ensure optimal signal 
quality, the skin was properly prepared to reduce 
impedance before placing four bipolar electrodes in the 
following configuration: A1 for the left lateral 
gastrocnemius, A2 for the left medial gastrocnemius, 
A3 for the right medial gastrocnemius, and A4 for the 

right lateral gastrocnemius (Fig. 1a). The 

gastrocnemius muscles were chosen due to their 
crucial involvement in the ankle-strategy mechanism, 
which serves as the main postural control method 
during quiet standing and moderate disturbances. Both 
the medial and lateral gastrocnemius are essential for 
managing plantarflexor torque and maintaining body 
stability during anterior-posterior sway, making them 
highly sensitive to variations in surface stability and 
sensory input. [32], [40], [42], [43] 

C. Experimental Task 

To minimize the order effects, the participants were 
instructed to complete four static balancing exercises 
in a random order.  These included standing on a stable 
surface with eyes open (EOS) (Fig. 2a), standing on a 
stable surface with eyes closed (ECS) (Fig. 2b), 
standing on an unstable surface with eyes open (EOU) 
(Fig. 2c), and standing on an unstable surface with 
eyes closed (ECU) (Fig. 2d).  Each task was completed 
for two consecutive minutes, with appropriate breaks 
between trials to prevent exhaustion.  To standardize 
their posture, the participants stood barefoot and hip-
width apart, with their arms relaxed at their sides.  In 
eyes-closed situations, a blindfold was used to ensure 
complete visual deprivation. In this study, postural 
stability was assessed on two different surface 
conditions: stable and unstable. For the stable 
condition, participants stood barefoot on a solid, flat 
laboratory floor with their arms at their sides and feet 
positioned hip-width apart. In the unstable condition, 
participants stood on a wobble board, which consisted 
of a rigid rectangular platform measuring 45 cm in 
length and 25 cm in width. This platform was supported 
by two half-cylindrical curved bases along the 
underside of its longer edges. Each curve had a radius 
of about 10 cm, creating a rocker-like support surface 
that allowed controlled tilting in a single plane, with a 
usable tilt range of approximately 10–15°. Although 
wobble boards are commonly used in research on 
postural control and balance, there is no universally 
standardized set of dimensions or curvatures in the 
literature [44]; instead, studies typically use boards of 

similar size and shape to introduce controlled 
mechanical instability. Previous studies have 
demonstrated that tasks involving wobble boards have 
a strong correlation with force-plate center-of-pressure 
outcomes and consistently lead to increased 
neuromuscular and proprioceptive activity compared to 
stable surfaces, validating their use as models of 
unstable surfaces. Research on balance training with 
wobble boards has also shown that the curved base 
prompts continuous corrective adjustments, resulting in 
distinct sensorimotor strategies compared to standing 
on firm ground [45], [46], [47]. In this experiment, 
participants stepped off the wobble board between 
trials to reset their posture before each new condition. 

 

 

Fig. 2. Visual and ground Conditions: a) stable 
surface with eyes open (EOS), b) standing on a 
stable surface with eyes closed (ECS), c) standing 
on an unstable surface with eyes open (EOU), and 
d) standing on an unstable surface with eyes 
closed (ECU) 

D. EMG Signal Processing  

The raw EMG data were processed (Fig. 3) using 

MATLAB (R2024a, The MathWorks, Inc., Natick, 

Massachusetts, USA). The preprocessing pipeline used 

in this study is described explicitly here for 

reproducibility. Raw sEMG signals were first acquired 

through the system’s built-in analog front end, which 

included the hardware pre-amplification integrated into 

the acquisition module. The signals were recorded in 

Analog-to-Digital Converter (ADC) units and 

subsequently converted into millivolts (mV) using a 

standard transfer function[48] (Eq. 1): 

𝑉
𝑠𝑖𝑔𝑛𝑎𝑙 = 

𝐴𝐷𝐶𝑟𝑎𝑤

2𝑁−1
 × 𝑉𝑟𝑒𝑓

   (1) 

where N is the ADC resolution in bits and Vref is the 
system reference voltage. By applying this function, the 
signals were correctly scaled to the real voltage values, 
allowing for a consistent and quantitative examination in 
the subsequent phases. To ensure only steady-state 
muscle activity was analyzed, the first and last 10 
seconds of each recording were removed to eliminate 
transitional artifacts. The trimmed signals were then 
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filtered using a fourth-order Butterworth band-pass filter 
(20–450 Hz) to suppress low-frequency motion artifacts 
and high-frequency noise. No notch filter or rectification 
was applied, as the selected feature set did not require 
additional transformations. The resulting filtered signals 
were used directly for feature extraction. From the 
processed signals, various features were extracted to 
capture different physiological and mathematical 
aspects of muscle activity. Let xi represent the EMG 
signal amplitude at the ith sample, with N denoting the 
total number of samples.  

 

Fig. 3. EMG Preprocessing and Feature Extraction 
Pipeline 

 
The Mean Absolute Value (MAV) [49] (Eq. (2)), which 
indicates the average level of muscle activity, is 
frequently employed to assess the overall intensity of 
muscle contraction. It is calculated as: 

𝑀𝐴𝑉 =  
1

𝑁
∑ |𝑥𝑖|𝑁

𝑖=1      (2) 

Where xi is the i-th EMG sample, and N is the total 
number of samples. The Root Mean Square (RMS) [49] 
(Eq. (3)) quantifies the power content of a signal, 
offering insights into the strength and variability of 
muscle contractions.  This is defined as: 

𝑅𝑀𝑆 =  √
1

𝑁
∑ 𝑥𝑖

2𝑁
𝑖=1     (3) 

where xi is the EMG amplitude at sample i and N is the 
number of samples. The Waveform Length (WL) [49] 
(Eq. (4)) quantifies the cumulative length of the signal 
waveform and is related to both frequency and 
amplitude changes, reflecting the complexity and 
smoothness of motor unit firing. It was computed using: 

𝑊𝐿 =  ∑ |𝑥𝑖+1 − 𝑥𝑖|𝑁−1
𝑖=1    (4) 

where xi and xi+1 are consecutive EMG samples, and  
𝑁 is the total number of samples. The Integrated EMG 

(IEMG) [49] (Eq. (5)) quantifies the total rectified 
muscle activity over time, serving as a measure of 
overall muscle workload. It is defined as Eq. (5): 

𝐼𝐸𝑀𝐺 =  ∑ |𝑥𝑖|𝑁
𝑖=1    (5) 

where xi is the rectified EMG amplitude at the sample  

𝑖, and 𝑁 is the total sample count. Finally, the Total 

Power (PT)  [49], [50]  (Eq. (6)) was calculated from the 

power spectral density (PSD) using Welch’s method. 
This metric estimates the total energy present in the 
EMG signal across all frequencies, capturing the 
overall activation energy during muscle contraction: 

𝑃𝑇 = ∑ 𝑃𝑥𝑥(𝑓)𝑓     (6) 

where 𝑃𝑥𝑥(𝑓) is the PSD amplitude at frequency 𝑓, 

summed over all frequency bins. Features of amplitude 
(MAV, RMS), complexity (WL), cumulative activation 
(IEMG), and frequency-domain energy (PT) 
encompass various dimensions of muscle behavior, 
thereby offering a comprehensive depiction of 
neuromuscular control strategies during postural tasks.  

E. Statistical Analysis 

A one-way analysis of variance (ANOVA) was 
performed to investigate the differences among the 
experimental conditions. ANOVA [51] divides the total 
variability into between-group and within-group 
variance, which is quantified as the Mean Square [52]  
(MS, Eq. (7)). 

𝑀𝑆 =  
𝑆𝑆

𝑑𝑓
    (7) 

where SS denotes the sum of squares and df the 
degrees of freedom. The F-statistic [52] used to assess 

group differences is given in Eq. (8) as: 

𝐹 =  
𝑀𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛

𝑀𝑆𝑤𝑖𝑡ℎ𝑖𝑛
   (8) 

where 𝑀𝑆𝑏𝑒𝑡𝑤𝑒𝑒𝑛 represents the variance between 

groups and 𝑀𝑆𝑤𝑖𝑡ℎ𝑖𝑛 represents the variance within 

groups. A significance level of p<0.05 was used to 
determine statistical differences. To further investigate 
the effects of vision (eyes open vs. eyes closed) and 
ground conditions (stable vs. unstable), paired t-tests 
[52] were performed. The paired t-statistic was 
determined using Eq. (9), 

𝑡 =  
𝑑̅

𝑆𝑑 √𝑛⁄
            (9)  

where the numerator is the mean of the paired 

differences 𝑑̅ (Eq. 10), 

𝑑̅ =
1

𝑛
∑ 𝑑𝑖

𝑛
𝑖=1                 (10)  

and the denominator is the standard error of the 
differences based on the standard deviation of 
differences 𝑆𝑑  (Eq. 11) 

𝑆𝑑 = √∑(𝑑𝑖−𝑑̅)2

𝑛−1
   (11) 

Where 𝑑𝑖 − 𝑑̅ represents the deviation of each paired 

difference from the mean difference. When a significant 
main effect of condition was observed, post-hoc 
pairwise comparisons were conducted using 
Bonferroni-corrected tests to control for multiple 
comparisons across the six possible condition pairs. 
This correction was applied automatically through 
MATLAB’s multcompare function using the Bonferroni 
adjustment. 
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III. Result 

The results showed a clear trend of increased muscle 
activation when the participants were subjected to more 
difficult balancing conditions. The average of the four 
muscle channels, A1, A2, A3, and A4, which correspond 
to the left lateral gastrocnemius, left medial 
gastrocnemius, right medial gastrocnemius, and right 
lateral gastrocnemius, respectively, increased 
systematically from the least challenging condition (eyes 
open on stable ground, EOS) to the most challenging 
condition (eyes closed on unstable ground, ECU) for all 
the EMG features (Table 1).  

 

Table 1. Mean values of EMG features averaged 
across four gastrocnemius channels for each 
balance condition. 

 

Table 2. Significant EMG feature differences 

(p < 0.05) between ground conditions in the eyes-

closed visual condition. The bolded and italicized 

values indicate the lowest p-values observed. 

Feat- 
ure 

Stable  
Ground 

Unstable 
Ground 

t p 

Right Medial Gastrocnemius (A3) 
RMS 0.015 ± 0.003 0.046 ± 0.017 4.5 0.011 
MAV 0.009 ± 0.002 0.027 ± 0.011 4.8 0.009 
WL 1x103 ± 2x102 3x103± 1x103 3.7 0.022 

IEMG 1.4x103±3x102 4.3x103±1x103 4.8 0.009 
Right Lateral Gastrocnemius (A4) 

RMS 0.012 ± 0.006 0.018 ± 0.009 2.9 0.046 
MAV 0.009 ± 0.004 0.012 ± 0.006 2.9 0.042 
WL 9x102±5 x102 1.3x103±6 x102 3.9 0.016 

IEMG 1.3x103±7 x102 1.9 x103±9x102 2.9 0.041 

 

The most noticeable change was observed in channel 

A3, which represents the right medial gastrocnemius. A 

one-way repeated-measures ANOVA revealed 

significant condition effects for four EMG features: RMS 

(F(3,16) = 5.50, p = 0.013), MAV (F(3,16) = 4.89, p = 

0.013), WL (F(3,16) = 3.38, p = 0.044), and IEMG 

(F(3,16) = 4.80, p = 0.014). In contrast, the Total Power 

(PT) feature showed a non-significant trend toward 

higher activation under more challenging conditions 

(F(3,16) = 2.58, p = 0.090), indicating that PT was less 

sensitive to surface and vision manipulations than the 

other four EMG features. 

 

Table 3. Significant EMG feature differences 

(p < 0.05) between visual conditions on stable 

ground conditions. The bolded and italicized values 

indicate the lowest p-values observed. 

 

Post-hoc analyses revealed that surface instability led 

to the most significant increases in postural sway. The 

most notable changes were observed when comparing 

a stable surface with eyes open (EOS) to an unstable 

surface with eyes closed (ECU), as indicated by RMS 

(+0.0368, p = 0.035), MAV (+0.0209, p = 0.040), WL 

(+2377.3, p = 0.083), and IEMG (+3418.5, p = 0.041). 

Conversely, the visual condition on an unstable surface 

had the least impact, as there were no differences in any 

features between the unstable surface with eyes open 

(EOU) and the unstable surface with eyes closed (ECU) 

(all Δ = 0, p = 1.0). These findings suggest that surface 

instability is the primary factor influencing sway changes, 

while the removal of vision has little effect when balance 

is already compromised. 

We carried out additional examination to gain a 
deeper insight into how muscle activity reacts to visual 
and surface disruptions. Paired t-tests were employed to 
assess the primary impact of these disturbances. 
Initially, we evaluated the main effect of vision by 
comparing muscle activation when participants stood on 
both stable and unstable surfaces with their eyes either 
open or closed (Table 2). Subsequently, we assessed 
the main effect of surface stability by examining muscle 
activity in eyes-open versus eyes-closed scenarios on 
stable or unstable surfaces (Table 3). In terms of the 
main effect of vision, closing the eyes led to a significant 
increase in muscle activation on unstable surfaces 
compared to stable ones, especially in the right 
gastrocnemius muscle. Four EMG features from the 

EMG 
Feature 

Stable-
Open 

Stable-
Closed 

Unstable
-Open 

Unstable
-Closed 

RMS 0.010 0.011 0.018 0.024 

MAV 0.007 0.007 0.011 0.014 

WL 8.1×102 8.3×102 1.3×103 1.6×103 

IEMG 1×103 1.1×103 2.1×103 2.6×103 

PT 3×10-4 3×10-4 8×10-4 1.1×10-3 

Feat-
ure Open Eye Closed Eye t p 

Right Medial Gastrocnemius (A3) 
RMS 0.01 ± 0.002 0.015 ± 0.003 -6 0.004 

MAV 0.006 ± 0.002 0.009 ± 0.002 -4.6 0.009 

WL 6.9x102±2x102 1x103 ±2.8x102 -6.2 0.003 

IEMG 9.4x102±3x102 1.4x103±3x102 -4.9 0.008 
PT 9x10-5±4.4x10-5 2x10-4±8x10-5 -4.7 0.009 
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Right Medial Gastrocnemius (A3) and Right Lateral 
Gastrocnemius (A4) were notably higher on the unstable 
surface (Table 2). The most pronounced differences 
were observed in the Mean Absolute Value (MAV) for A3 
(Fig. 4, top; t(4) = 4.793, p = 0.009) and Wave Length 
(WL) for A4 (Fig. 4, bottom; t(4) = 3.976, p = 0.016), 
indicating increased muscle effort and signal complexity. 
However, no significant differences were detected in the 
PT or the Left Gastrocnemius muscles (A1 and A2), 
suggesting that the right leg is crucial for adjusting to 
balance disturbances under challenging conditions. 
Moreover, when the eyes were open, transitioning from 
stable to unstable surfaces did not result in significant 
changes in any EMG parameters (p > 0.05). This 
indicates that visual information effectively compensates 
for surface instability, reducing the need for muscle 
activity to maintain postural control.  

 

 

 

Fig. 4. Box plots of the most significant EMG 
features. A) Effect of ground conditions during 
eyes-closed trials for the right medial 
gastrocnemius (A3). B) Corresponding effect for 
the right lateral gastrocnemius (A4). 

 

Fig. 5. Box plots showing the most significant EMG 
features affected by ground conditions 

 

Regarding the main effect of surface stability, on a 

stable surface, closing the eyes significantly increased 

all EMG characteristics in the Right Medial 

Gastrocnemius (A3), as shown in Table 3. The most 

significant effect was noted for Wave Length (WL; Fig. 

5,  t(4) = 6.209, p = 0.0034), highlighting the importance 

of visual input in decreasing muscular demand during 

stable posture. However, under unstable surface 

conditions, no significant differences were observed 

between eyes-open and eyes-closed conditions (p > 

0.05), suggesting that when postural challenges are 

already high due to surface instability, visual input plays 

a lesser role, and balance control may rely more on 

proprioceptive and vestibular input. 

 

IV. Discussion  

This study examined the effects of visual input and 
surface stability on gastrocnemius muscle activity 
during quiet standing using five time-domain EMG 
features: Root Mean Square (RMS), Mean Absolute 
Value (MAV), Waveform Length (WL), Integrated EMG 
(IEMG), and Total Power (PT). Several significant 
findings highlight how the neuromuscular system 
responds to sensory disturbances in balance control. 
The statistical analysis revealed significant differences 
in four of five EMG features across conditions. A one-
way ANOVA showed significant effects for RMS 
(F(3,16) = 5.50, p = 0.013), MAV (F(3,16) = 4.89, p = 
0.013), WL (F(3,16) = 3.38, p = 0.044), and IEMG 
(F(3,16) = 4.80, p = 0.014), with muscle activation 
increasing progressively from the least to the most 
challenging situations (EOS, ECS, EOU, and ECU, as 
depicted in Figure 2A–D). In contrast, PT (F(3,16) = 
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2.58, p = 0.090)  exhibited only a non-significant trend 
toward increased activation. These findings suggest 
that while overall energy expenditure remained 
relatively stable, variables related to amplitude, energy, 
and signal complexity were more sensitive to sensory 
manipulation. Among these, WL showed the greatest 
fluctuation, highlighting its value as an indicator of 
signal complexity and variability in motor unit 
recruitment [34].  

Waveform Length (WL) captures both amplitude 
and timing variations in the EMG waveform, detecting 
rapid shifts and irregularities in muscle activity that 
amplitude-only features, such as RMS and MAV, might 
overlook. In recent EMG studies, WL is recognized as 
a sensitive indicator of signal complexity and temporal 
fluctuations, highlighting dynamic changes in motor unit 
recruitment patterns as task demands vary. In unstable 
or visually limited conditions, frequent corrective bursts 
and increased variability in motor unit recruitment 
produce sharper waveform transitions. These swift 
adjustments increase overall waveform length, making 
WL particularly sensitive to subtle shifts in 
neuromuscular control. l.  

In this regard, labeling WL as “complexity-related” 
underscores its sensitivity to the temporal structure and 
irregularity of the EMG signal, which physiologically 
represents rapid modulation of firing rates, intermittent 
recruitment of additional motor units, and moment-to-
moment corrective fluctuations typical of postural 
control under challenging sensory conditions. This 
contrasts with amplitude-based features, which mainly 
reflect the overall magnitude of muscle excitation rather 
than its temporal richness or dynamic variability.  

Conversely, amplitude-based features like RMS 
and MAV primarily indicate the average magnitude of 
muscle excitation, which rises when the neuromuscular 
system compensates for reduced visual input or 
mechanical stability. IEMG, representing the 
cumulative area under the EMG curve, responds 
strongly to sustained increases in neural drive, 
especially during prolonged balance challenges. 
Collectively, these distinctions illustrate that RMS, 
MAV, and IEMG capture the overall level of 
neuromuscular effort, whereas WL uniquely reflects the 
complexity and frequency of corrective adjustments 
needed under more demanding sensory conditions. 

An asymmetry in activation patterns between the 
left and right gastrocnemius muscles was also noted. 
The right gastrocnemius (A3 and A4) displayed more 
pronounced changes across both visual and surface 
conditions compared to the left gastrocnemius (A1 and 
A2). One possible explanation for this asymmetry is 
limb dominance. All participants in this study reported 
having a dominant right limb and engaged in everyday 
tasks, such as writing, using their right hand, which 
might lead to more consistent control on that side. 

Nonetheless, since no formal assessment of limb 
dominance beyond self-reporting was conducted, and 
no left-dominant individuals were included for 
comparison, this interpretation should be considered a 
plausible but unverified explanation rather than a 
definitive conclusion. Promsri (2022) [54] similarly 
reported that balancing on the non-dominant leg 
reduced the coupling between semitendinosus muscle 
activity and postural sway, with an effect size of –0.462, 
indicating a moderate dominance-related difference in 
neuromuscular coordination. These findings support 
the interpretation that the dominant limb contributes 
more actively to postural stabilization, providing greater 
adaptability across varying sensory and mechanical 
demands.  

An independent analysis of the primary effects of 
vision and surface stability revealed consistent 
patterns. Regarding the main effect of vision, four EMG 
features (RMS, MAV, WL, and IEMG) were more 
pronounced on unstable surfaces compared to stable 
ones in A3 and A4, but only when the eyes were closed. 
The most significant features were MAV (t(4) = 4.793, 
p = 0.009) in the right medial gastrocnemius and WL 
(t(4) = 3.976, p = 0.016) in the right lateral 
gastrocnemius. With eyes open, these differences 
were not significant. This suggests that visual feedback 
effectively compensates for proprioceptive challenges 
on unstable ground, thereby reducing the need for 
heightened neuromuscular activation.  

When individuals have their eyes open, they can 
utilize abundant visual information such as optic flow, 
visual landmarks, and motion signals to perceive their 
own body sway and make timely adjustments. This 
enables the central nervous system to maintain 
balance through visually guided control methods, even 
when proprioceptive input is less reliable. 
Consequently, muscle activation levels on unstable 
surfaces with open eyes become similar to those on 
stable surfaces, accounting for the absence of 
significant differences between surface conditions. 
This adaptive mechanism is consistent with the 
sensory-reweighting framework, where the CNS 
increases its dependence on the most reliable sensory 
input based on the environmental context. 

A similar compensatory mechanism was observed 
in the findings of Sozzi et al. (2021) [55], who 
demonstrated that, when standing on a compliant 
(foam) surface, visual input reduced the center-of-
pressure (CoP) ellipse area by approximately 61% and 
the CoP path length by 53% compared to the eyes-
closed condition. Their spectral analysis further 
showed that vision lowered the median oscillation 
frequency by 63% in the mediolateral (ML) and 60% in 
the anteroposterior (AP) directions, reflecting a 
substantial stabilizing effect. Consistent with these 
observations, the present study found that removing 
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visual input increased WL by roughly 45% under 
otherwise stable conditions, indicating that vision 
similarly reduces the need for rapid corrective bursts 
and dampens the temporal irregularity of muscle 
activation. Together, these results quantitatively 
demonstrate how vision mitigates instability-induced 
demands on the postural control system, supporting 
the sensory reweighting framework in which the central 
nervous system dynamically adjusts the weighting of 
sensory inputs based on contextual reliability. 

In examining the primary effect of surface stability, 
it was noted that on a stable surface, all EMG features 
in A3 increased when the eyes were closed compared 
to when they were open, with the WL feature (t(4) = 
6.209, p = 0.003) showing the most significant rise. This 
suggests that even with relatively low postural 
demands, the lack of vision requires greater 
neuromuscular effort. 

In contrast, on the unstable surface, the absence of 
a significant difference between eyes-open and eyes-
closed conditions suggests a ceiling effect: instability 
imposes such high sensory and neuromuscular 
demands that activation is already near the upper 
functional range required for balance, leaving limited 
capacity for further increases when vision is removed. 
In this scenario, both surface instability and vision loss 
push the system toward maximal corrective 
engagement, but instability dominates the sensory 
weighting. 

Mademli et al. (2021) [56] similarly found that 
surface-related perturbations significantly impacted 
postural control, showing an average 12% increase in 
local instability across body segments from the ankle to 
the head when standing on unstable versus stable 
surfaces. Their use of local dynamic stability (sMLE) 
metrics based on kinematic data illustrated how 
instability propagates through the kinetic chain. 
Consistent with this, the present study also showed 
substantial surface-dependent changes: in right medial 
gastrocnemius, WL increased by approximately 200% 
when transitioning from the stable to the unstable 
surface, indicating a major rise in corrective 
neuromuscular activity under heightened stability 
demands. In the right lateral gastrocnemius, WL rose 
by about 44% across the same transition, reflecting a 
similar but comparatively smaller elevation. 
Collectively, these findings underscore that surface 
instability heightens sensorimotor demands and 
increases reliance on proprioceptive and vestibular 
feedback mechanisms to maintain balance.  

Despite these significant findings, several 
limitations should be acknowledged. First, EMG 
recordings were limited to the gastrocnemius muscles, 
which restricts insight into the coordinated activation of 
other key postural muscles, such as the tibialis anterior 
or proximal stabilizers (e.g., quadriceps, gluteus 

medius). Since postural control depends on the 
coordination of multiple muscle groups, concentrating 
on just one group offers an incomplete understanding 
of the neuromuscular strategies involved in maintaining 
balance. Future research direction using multi-muscle 
EMG arrays could provide a more comprehensive 
analysis of these interactions.  

Moreover, the relatively small sample size in this 
study might reduce statistical power and limit the 
applicability of the results to larger populations. The 
recruitment process also lacked detailed classification 
of limb dominance and gender-based analysis. As 
dominance and gender can affect neuromuscular 
control strategies, their omission might obscure 
potential differences in muscle activation related to side 
or demographic factors. Expanding the sample size 
and including these classifications in future research 
would enhance the interpretability and external validity 
of the findings. 

The study also relied on surface EMG, which, while 
non-invasive, may be affected by cross-talk and skin 
impedance variability. Finally, the experimental setup 
simulated balance tasks under controlled laboratory 
conditions that may not fully capture the dynamic real-
world postural challenges. 

Although there are some limitations, this study 
presents valuable implications for both balance 
research and practical applications. By examining how 
sensory conditions and surface stability affect 
neuromuscular activation, it lays the groundwork for 
creating specific balance training and rehabilitation 
programs. For instance, using unstable surfaces or 
tasks that limit vision can be effectively employed to 
boost proprioceptive sensitivity, improve lower-limb 
coordination, and enhance strategies for maintaining 
posture. These methods are especially pertinent for 
older adults, those with balance challenges, or athletes 
aiming to optimize neuromuscular performance. 
Furthermore, monitoring muscle activity through EMG 
provides a useful means to objectively assess training 
progress or rehabilitation results, allowing clinicians or 
trainers to tailor interventions and track improvements 
over time. 

 
V. Conclusion 
This study aimed to explore the impact of visual input 
and surface stability on lower-limb muscle activation 
patterns during quiet standing, as measured through 
various EMG features. It quantified how sensory 
conditions shape neuromuscular responses and 
determined whether surface instability or visual 
deprivation produced greater changes in activation. 
The findings revealed distinct modulation of 
gastrocnemius activity driven by sensory input and 
surface conditions. Specifically, the Waveform Length 
(WL) increased by roughly 200% in the right medial 
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gastrocnemius and by about 44% in the right lateral 
gastrocnemius when transitioning from stable to 
unstable surfaces, indicating a significant rise in 
neuromuscular corrective effort under heightened 
instability. Additionally, closing the eyes resulted in an 
approximate 45% increase in WL, highlighting the 
essential role of vision in stabilization. These results 
confirm that both surface instability and lack of visual 
input significantly heighten the demand on postural 
control systems through increased muscle activation. 

The observed asymmetry in gastrocnemius 
activation indicates that limb dominance should be 
considered when evaluating postural control strategies. 
Clinically, these results could inform rehabilitation for 
individuals with compromised proprioceptive or visual 
systems, emphasizing the potential to enhance 
balance by targeting specific sensory modalities and 
considering limb dominance in therapeutic intervention 
design.  

While these contributions are noteworthy, it is 
important to recognize certain limitations. The study's 
sample was composed of a small group of healthy 
young adults, which limits the ability to generalize the 
findings to older individuals or those with clinical 
conditions. Additionally, the research concentrated 
solely on static stance tasks and did not incorporate 
analyses like frequency-domain metrics or muscle 
synergy decomposition, which could provide more 
comprehensive insights into neuromuscular strategies. 
Future studies should aim to include larger samples 
(15–20 participants or more), encompass a wider range 
of populations, extend to dynamic balance tasks, and 
explore long-term training adaptations using multi-
feature EMG methods. 

From a practical standpoint, these findings suggest 
that EMG metrics, particularly WL, can serve as 
objective biomarkers for assessing balance and 
neuromuscular control. Rehabilitation and fall-
prevention programs could benefit from incorporating 
training on unstable surfaces and in vision-deprived 
conditions to enhance proprioceptive and vestibular 
compensation. Monitoring changes in WL over time 
could provide a sensitive measure of progress, helping 
clinicians and trainers tailor interventions to individual 
needs. 
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