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Supplementary material 

 

Supplementary Table 1 

As described in the manuscript text, it provides the definitions and computational formulas for all 

EMG-derived variables used in your study. This table organizes the features into several domains. 

Feature extraction was automated with custom MATLAB scripts. 

 

Features Definition Computational formula 

Root Mean 

Square (RMS) 

Represents the overall 

magnitude of the EMG 

signal, reflecting 

average muscle 

activation intensity. 

𝑅𝑀𝑆 = √
1

𝑁
∑(𝑥𝑖)2

𝑁

𝑖=1

 

 
𝑥𝑖: 𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖 
𝑁: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

Integrated 

EMG (iEMG) 

Cumulative measure 

of total muscle activity 

over a period. 

𝑖𝐸𝑀𝐺 =  ∫ |𝑥(𝑡)|𝑑𝑡
𝑇

0

 

𝑖𝐸𝑀𝐺 ≈  ∑|𝑥[𝑛]| ∙ ∆𝑡

𝑁

𝑛=1

 

𝑖𝐸𝑀𝐺 ≈  ∆𝑡 (
|𝑥[1]|

2
+ ∑|𝑥[𝑛]| +

|𝑥[𝑁]|

2

𝑁−1

𝑛=2

) 

 
𝑥(𝑡): 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 𝑎𝑠 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑖𝑚𝑒 

𝑇: 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑖𝑔𝑛𝑎𝑙 
𝑥[𝑛]: 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝑛 
𝑁: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 
∆𝑡: 𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 

Peak 

Amplitude 

Maximum absolute 

amplitude of the EMG 

signal. 

𝑃𝑒𝑎𝑘 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 =  𝑚𝑎𝑥
0≤𝑡≤𝑇

|𝑥(𝑡)| 

 
𝑥(𝑡): 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 𝑎𝑠 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑖𝑚𝑒 

𝑇: 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑖𝑔𝑛𝑎𝑙 

Co-contraction 

Index (CCI) 

Degree of 

simultaneous 

activation between 

agonist–antagonist 

muscle pairs (e.g., RF–

BFs, TA–MG). 

𝑥𝑛𝑜𝑟𝑚(𝑡) =  
𝑥(𝑡)

max(|𝑥(𝑡)|)
 

𝐶𝐶𝐼 =  
∑ (|𝐸𝑀𝐺𝑎𝑛𝑜𝑟𝑚(𝑡)| ∙ |𝐸𝑀𝐺𝑎𝑛𝑛𝑜𝑟𝑚(𝑡)|)𝑡

∑ (|𝐸𝑀𝐺𝑎𝑛𝑜𝑟𝑚(𝑡)| + |𝐸𝑀𝐺𝑎𝑛𝑛𝑜𝑟𝑚(𝑡)|)𝑡
 

 
𝑥(𝑡): 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 
𝑥𝑛𝑜𝑟𝑚(𝑡): 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 
max(|𝑥(𝑡)|) : 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑜𝑓 𝑡ℎ𝑒 𝐸𝑀𝐺  

𝑠𝑖𝑔𝑛𝑎𝑙 𝑜𝑣𝑒𝑟 𝑡ℎ𝑒 𝑒𝑛𝑡𝑖𝑟𝑒 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 

𝐸𝑀𝐺𝑎𝑛𝑜𝑟𝑚(𝑡): 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑎𝑔𝑜𝑛𝑖𝑠𝑡 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 
𝐸𝑀𝐺𝑎𝑛𝑛𝑜𝑟𝑚(𝑡): 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑎𝑛𝑡𝑎𝑔𝑜𝑛𝑖𝑠𝑡 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 

Median 

Frequency 

Frequency below 

which 50% of the total 

EMG power spectrum 

is contained. 

𝑥(𝑓) = 𝐹𝐹𝑇{𝑥(𝑡)} 

𝑃(𝑓) =  |
𝑋(𝑓)

𝑁
| 



2 

 

𝐶(𝑓) =  ∑ 𝑃(𝑓𝑖)

𝑘

𝑖=0

 

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝐶(𝑓𝑚𝑎𝑥) 

𝑓𝑚𝑒𝑑  𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 𝐶(𝑓𝑚𝑒𝑑) ≥  
𝑃𝑡𝑜𝑡𝑎𝑙

2
 

 
𝑥(𝑡): 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑖𝑚𝑒 𝑑𝑜𝑚𝑎𝑖𝑛 

𝑋(𝑓): 𝐹𝑜𝑢𝑟𝑖𝑒𝑟 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚 𝑜𝑓 𝑥(𝑡) 
𝑥(𝑡): 𝐸𝑀𝐺 𝑠𝑖𝑔𝑛𝑎𝑙 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑖𝑚𝑒 𝑑𝑜𝑚𝑎𝑖𝑛 
𝑁: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

𝑃(𝑓): 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 (𝑚𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑏𝑦 𝑁) 
𝐶(𝑓𝑘): 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑢𝑝 𝑡𝑜 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑏𝑖𝑛 𝑓𝑘 
𝑃𝑡𝑜𝑡𝑎𝑙: 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑠𝑝𝑒𝑐𝑡𝑟𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑎𝑐𝑟𝑜𝑠𝑠 𝑎𝑙𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑏𝑖𝑛𝑠 

Mean 

Frequency 

Power-weighted 

average frequency of 

the EMG spectrum. 

𝑓𝑚𝑒𝑎𝑛 =  
∑ 𝑓𝑖 ∙ 𝑃(𝑓𝑖)𝑁

𝑖=1

∑ 𝑃(𝑓𝑖)𝑁
𝑖=1

 

 
𝑓𝑖: 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑎𝑡 𝑡ℎ𝑒 𝑖𝑡ℎ 𝑏𝑖𝑛 

𝑃(𝑓𝑖): 𝑝𝑜𝑤𝑒𝑟 (𝑜𝑟 𝑎𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚)𝑎𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑓𝑖 

𝑁: 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑏𝑖𝑛𝑠 

Frequency 

Band Power 

(20–150 Hz) 

Power of EMG within 

a specific frequency 

range, reflecting 

muscle recruitment 

dynamics. 

𝑃𝑏𝑎𝑛𝑑 =  ∑ 𝑃(𝑓)

𝑓150

𝑓=𝑓20

 

 
𝑃(𝑓): 𝑝𝑜𝑤𝑒𝑟 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝑎𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑓 

𝑓20: 𝑙𝑜𝑤𝑒𝑟 𝑐𝑢𝑡𝑜𝑓𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (20 𝐻𝑧) 

𝑓150: 𝑢𝑝𝑝𝑒𝑟 𝑐𝑢𝑡𝑜𝑓𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (150 𝐻𝑧) 

Entropy Complexity and 

irregularity of the 

EMG frequency 

spectrum. 

𝐻 =  − ∑ 𝑃(𝑓𝑖) log (𝑃(𝑓
𝑖
) + 𝜖)

𝑁

𝑖=1

 

 
𝑃(𝑓𝑖): 𝑝𝑜𝑤𝑒𝑟 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝑎𝑡 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑏𝑖𝑛 𝑓𝑖 

𝑁: 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑏𝑖𝑛𝑠 
𝜖: 𝑠𝑚𝑎𝑙𝑙 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑡𝑜 𝑎𝑣𝑜𝑖𝑑 𝑡𝑎𝑘𝑖𝑛𝑔 𝑡ℎ𝑒 𝑙𝑜𝑔𝑎𝑟𝑖𝑡ℎ𝑚 𝑜𝑓 𝑧𝑒𝑟𝑜 

AP SD The standard deviation 

(SD) of the EMG 

signal in the 

anteroposterior 

directions, quantifying 

variability in muscle 

activation, reflecting 

postural stability. 

𝐴𝑃_𝑆𝐷 =  √
1

𝑁 − 1
 ∑(𝑥

𝑖
− 𝑥̅)2

𝑁

𝑖=1

 

 
𝑥𝑖: 𝑎𝑛𝑡𝑒𝑟𝑜𝑝𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖 
𝑥̅: 𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝐴𝑃 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

𝑁: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

ML SD The SD of the EMG 

signal in the 

mediolateral 

directions, quantifying 

variability in muscle 

activation, reflecting 

lateral stability. 

𝑀𝐿_𝑆𝐷 =  √
1

𝑁 − 1
 ∑(𝑦𝑖 − 𝑦̅)2

𝑁

𝑖=1

 

 
𝑦𝑖: 𝑚𝑖𝑑𝑖𝑜𝑙𝑎𝑡𝑒𝑟𝑎𝑙 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑎𝑡 𝑠𝑎𝑚𝑝𝑙𝑒 𝑖 
𝑦̅: 𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒𝑠 𝑜𝑓 𝑀𝐿 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 

𝑁: 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

 


