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Abstract

:

One of the most basic pieces of information gained from dynamic electromyography is accurately defining muscle action and phase timing within the gait cycle. The human gait relies on selective timing and the intensity of appropriate muscle activations for stability, loading, and progression over the supporting foot during stance, and further to advance the limb in the swing phase. A common clinical practice is utilizing a low-pass filter to denoise integrated electromyogram (EMG) signals and to determine onset and cessation events using a predefined threshold. However, the accuracy of the defining period of significant muscle activations via EMG varies with the temporal shift involved in filtering the signals; thus, the low-pass filtering method with a fixed order and cut-off frequency will introduce a time delay depending on the frequency of the signal. In order to precisely identify muscle activation and to determine the onset and cessation times of the muscles, we have explored here onset and cessation epochs with denoised EMG signals using different filter banks: the wavelet method, empirical mode decomposition (EMD) method, and ensemble empirical mode decomposition (EEMD) method. In this study, gastrocnemius muscle onset and cessation were determined in sixteen participants within two different age groups and under two different walking conditions. Low-pass filtering of integrated EMG (iEMG) signals resulted in premature onset (28% stance duration) in younger and delayed onset (38% stance duration) in older participants, showing the time-delay problem involved in this filtering method. Comparatively, the wavelet denoising approach detected onset for normal walking events most precisely, whereas the EEMD method showed the smallest onset deviation. In addition, EEMD denoised signals could further detect pre-activation onsets during a fast walking condition. A comprehensive comparison is discussed on denoising EMG signals using EMD, EEMD, and wavelet denoising in order to accurately define an onset of muscle under different walking conditions.
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1. Introduction


Surface electromyography (EMG) has been widely used to measure the electrical activity of skeletal muscles, and analysis of EMG signals is crucial in many research fields, such as neurological diagnosis, sports medicine, prosthetics, gait rehabilitation, etc. Specifically, the determination of muscle activity onset is the most popular temporal parameter obtained from EMG signals in gait laboratories. Identifying muscle activity onset may help in studies of motor control and performance of efficient gait [1]. However, EMG signals are usually corrupted by ambient noise from other electromagnetic devices (50–60 Hz) and transducer noise at electrode skin junction in their acquisition; therefore, denoising techniques play a vital role in improving the signal to noise ratio (SNR) of EMG signals [2,3]. In this study, we explore appropriate denoising techniques to determine onset of muscle activity under different conditions.



Removing the noise from raw signals is a classic problem in signal processing, and much effort has been made by researchers in filtering [4,5,6]. Low-pass filtering (LPF) is a vastly used conventional method for removing noise due to its ease of implementation; however, it has been limited by requiring a priori information of a signal’s frequency characteristics, in order to choose appropriate cutoff frequency. In addition, LPF results in excessive smoothing and further loss of information and inaccurate identification of EMG onset [7]. Accurate onset determination is crucial to gait, slips, and falls studies, where the reaction time of lower extremity muscles is within a few hundred milliseconds (~175 ms for unexpected slip and 233 ms muscle activation time for normal stance in medial hamstring) [8,9]. As specific time delay is a crucial factor in these studies, premature and delayed cessation may be evaluated by LPF [10] of EMG signals.



In order to counter the time shifting involved in the LPF method, various researchers have proposed linear methods such as the wavelet transform denoising technique [11], and non-linear methods such as Hilbert–Huang transform (HHT) [12]. The HHT approach was proposed by Huang for processing nonlinear and non-stationary signals. The idea behind this algorithm is to decompose a signal into a set of intrinsic mode functions (IMFs) through the empirical mode decomposition (EMD) process, thus involving the signal being analyzed itself instead of the attenuated function. As a result, it presents a data-driven approach in dealing with non-stationarity and/or nonlinearity in the signal and has been readily applied into filtering and denoising [13,14].



In this study, we present a systematic comparison between denoising methods, which reveals the benefits and the drawbacks of each method compared to the other in finding temporal events such as onsets. Four different denoising techniques—LPF, wavelet method, EMD method, and EEMD method—are compared in the real applications. In this experiment, a muscle onset event of medial gastrocnemius (MG) muscle was identified under two different walking conditions: normal and fast walking, and among two different groups consisting of older and younger subjects. In this study, we considered the integrated EMG (iEMG) signal of the MG muscle and kinematic markers such as heel contact (HC) and toe off (TO) of the stance foot as the gold standard for all true events. The aim of this study is to determine how different denoising techniques affect the timing of medial gastrocnemius onset and cessation events.




2. Materials and Methods


2.1. Participants


Participants were recruited from flyers placed around the Virginia Tech campus and the community (Blacksburg, VA). Eight young (aged between 18–30 years old) and eight old participants (age 65–84 years old) of average height (176.25 ± 6.08 cm) participated in the study. The subjects performed walking on 15-m-long walkway with two embedded forceplates. The study was approved by the Virginia Tech Institutional Review Board. The recruited participants reported to be in generally good health, with no cardiovascular, respiratory, neurological, and musculoskeletal abnormalities.




2.2. Apparatus


The walking experiment was conducted on a 15-m linear walking track, embedded with two force plates (BERTEC #K80102, Type 45550-08, Bertec Corporation, OH 43212, USA). A six-camera ProReflex system (Qualysis) was used to collect three-dimensional infra-red passive marker data of participants as they walked over the test floor surface. Kinematic data were sampled and recorded at 120 Hz. Ground reaction forces of participants walking over the test surfaces was measured using two force plates and sampled at a rate of 1200 Hz. An eight-channel EMG Telemetry Myosystem 900 (Noraxon, Scottsdale, AZ, USA), was used to record the temporal activations of MG muscles in the both lower extremity during normal walking. However, the data from left medial gastrocnemius were used in this study, while the other muscle EMG data were a part of another study. The EMG system is composed of one transmitter, one receiver and surface electrodes. The transmitter is portable and powered by a battery (9V), and the receiver telecommunicates to the transmitter. Raw EMG signals were monitored, sampled, and stored by the National Instrument hardware and customized LabVIEW VI. Only those walking trials were used for analysis when subjects placed their left foot in the middle of forceplate. Kinematic events such as HC and TO of both feet were determined by placing four markers at heel and toe (both right and left foot) and the events of were further confirmed by forceplates.




2.3. Data Analysis


2.3.1. Onset and Cessation Points Determination Algorithm


Raw EMG signals recorded during gait were band-pass filtered using a fourth order filter at 20–500 Hz and full-wave rectified [15]. In this study, we used the classical threshold based approach for onset determination [16]. The baseline quiescent portion of EMG record was chosen for data of a 6 msec, starting from −50% of stance. The threshold was defined as shown below:


  T h r e s h o l d = B a s e l i n e   M e a n + 3 × B a s e l i n e   S T D  



(1)







A threshold of three standard deviations above the baseline was used to identify muscle firing onset and cessation [16]. An algorithm was written with a 3 msec moving window, and muscle onset was assumed to follow two conditions: (1) Muscle activity was above the threshold for at least 0.1 s, and (2) if the muscle activity dropped below the threshold for more than 3% of stance duration (or 5% of gait cycle). The onset was updated to the new rise above the threshold and short duration EMG packet was discarded [17]. All muscle activity onset and cessation times are reported as a percentage of stance duration. Subject means used in statistical analyses were calculated as the mean of the two trials performed by each subject. A four factor analysis of variance (ANOVA) with a Tukey’s posthoc was used to assess statistical differences between the four denoising methodologies (JMP, SAS USA). Alpha level was set at p < 0.05.




2.3.2. Empirical Mode Decomposition Method


The goal of the EMD method is to decompose the original signal   x  ( t )    into a set of Intrinsic Mode Functions (IMFs)    c i   ( t )   :


    ( t )  =  ∑  i = 1  N   c i   ( t )  +  r N   ( t )     i = 1 ,   2 ,   … ,   N .   



(2)




where    c i   ( t )    is the  i th IMF of the signal,  N  represents the number of IMFs, and    r N   ( t )    is a remainder, which is usually a non-zero-mean varying function in a low frequency.



The IMF    c i   ( t )    can be defined through two conditions:




	(1)

	
the number of maximums, minimums, and the number of zero crossings must either equal or differ at most by one;




	(2)

	
the mean of its upper and lower envelopes must equal zero.









In the EMD process, a sifting algorithm is used to extract the IMFs from the original signal. The IMFs can be extracted out through the following procedure: first, the cubic spline interpolation is used to connect the local extrema (i.e., maxima and minina), in order to form an upper envelope    e  m a x    ( t )    and the lower envelope    e  m i n    ( t )   , then by defining the local mean of the upper and lower envelopes as    (   e  m a x    ( t )  +  e  m i n    ( t )   )  / 2  , the first component    h 1   ( t )    is obtained as the difference between the signal   x  ( t )    and the local mean:


   h 1   ( t )  = x  ( t )  −    (   e  m a x    ( t )  +  e  m i n    ( t )   )   2   



(3)







This procedure is repeated until the following condition is satisfied:


  S D =   ∑    [   h 1  k − 1    ( t )  −  h 1 k   ( t )   ]   2    ∑    [   h 1  k − 1    ( t )   ]   2    <  t  t h    



(4)




where  k  is iteration number for extraction procedure described above, and   S D   becomes smaller after each iteration.    t  t h     is usually within the range from 0.2 to 0.3, for the sifting process is a very rigorous limit for the difference between two consecutive siftings [16]. The final    h 1   ( t )    is designated as the first IMF    c 1   ( t )   . Subsequently, the residue    r 1   ( t )    is treated as a new signal and the sifting process is repeated until the residual    r N   ( t )    becomes a constant or a function with only one extremum (maxima or minima) such that no more IMF can be extracted. Given a signal   x  ( t )   , the procedure for extracting IMFs is illustrated in Figure 1.




2.3.3. Mode Mixing


Mode mixing is defined as any IMF consisting of oscillations of dramatically disparate scales, often caused by intermittency of the driving mechanism. To illustrate such a phenomenon, a signal   x  ( t )    consisting of two components    x 1   ( t )    and    x 2   ( t )    is first constructed as:


  x  ( t )  =  x 1   ( t )  +  x 2   ( t )   



(5)




where    x 1   ( t )  = s i n  (  α t  )   ,    x 2   ( t )  = s i n  (  β t  )   e       (  t −  t 0   )   2   σ     ,   λ ≪ 1   and   α ≪ β  . The notation    x 1   ( t )    represents a low-frequency sinusoidal component while    x 2   ( t )    represents a high-frequency transient component that is quickly decaying. For example, when   α = 160 π  ,   β = 3200 π  ,   σ =   10  6   , and   λ = 0.04  , the waveform of the signal is shown in Figure 2a. Because the signal consists of widely disparate scales, i.e., the frequencies of two components (80 Hz and 1600 Hz) are far away from each other, mode mixing occurs when EMD is applied to decompose the signal. This is shown in Figure 2b, where the two components are mixed together in one IMF. To overcome the problem of mode mixing, the Ensemble EMD technique was recently developed [13].




2.3.4. Ensemble Empirical Mode Decomposition Method


The ensemble empirical mode decomposition (EEMD) method [13] was developed to overcome the mode mixing effect involved in the EMD algorithm. Essentially, EEMD algorithm repeatedly decomposes the original signal into IMFs by using the original EMD algorithm. During each trial of the decomposition process, white noise of finite amplitude is added to the original signal. The ensemble means of the corresponding IMFs generated from each trial are subsequently treated as the IMFs of the EEMD algorithm. Since white noise is added throughout the entire signal decomposition process, no missing scales are present, and mode mixing is effectively eliminated by the EEMD process.



In the EEMD process, each individual trial may produce noisy results, as each decomposition step involves both the signal and added white noise. On the other hand, when the EMD method is applied to a white noise [13,18,19], it acts as an adaptive dyadic filter bank. As a result, the Fourier spectra of different IMFs would collapse onto a single spectrum along the axis of frequency [20]. Consequently, the effect of the added noise can be cancelled out in the ensemble mean when enough trials are performed in the EEMD process [13,21]. The ensemble mean is treated as the true IMF, and the only resident part is the signal, as more and more trials are added in the ensemble process. When EEMD is applied to decompose the signal described above, it can be found mode mixing has been solved, and the results are shown in Figure 2c.




2.3.5. Denoising Algorithm


When the EMD method is used as a denoising tool, it is essential to know whether a specific IMF contains the relevant frequency information. Flandrin et al. [13] developed the adaptive IMF test procedure according to the statistical study on white Gaussian noise and fractional Gaussian noise (fGn), the threshold values are related to the energy of noise on each IMF component.



In our analysis, we have adopted the fGn model for various H values developed by Flandrin et al. [13,18,19] is adopted here. fGn is generalization of white noise, and the statistical properties of fGn are controlled by the parameter H, and the H values range from 0.1 to 0.9, and for each value of H, J = 5000 independent sample paths of fGn were generated through the Wood and Chan [22] algorithm. For a given H value, a set of IMFs    {   d  k , H    ( j )     [ n ]  ; n = 1 , … , N ; k = 1 , … ,    K j   }    were collected via the EMD algorithm for all sample paths    {   x H   ( j )     [ n ]  ; n = 1 , … , N  }    (with   j = 1 , … ,   J  ).



   W H   [ k ]    denotes the H dependent variation of the IMF energy. And    W H   [ 1 ]    can be estimated from


    W ^  H   [ 1 ]  =  ∑  n = 1  N   d  1 , H  2       [ n ]   



(6)




and subsequent values of    W H   [ k ]    are given by


     W ^  H   [ k ]  =  C H   ρ H  − 2  (  1 − H  )  k       (  k ≥ 2  )    



(7)




where    C H  =   W ^  H   [ 1 ]  /  β H   , and the parameter    β H    can be found in Table 1. And    ρ H    can be obtained from


   ρ H  ≈ 2.01 + 0.2  (  H −  1 2   )  + 0.12    (  H −  1 2   )   2   



(8)







The noise model can be described as


     l o g  2   V H   [ k ]  =   log  2    V ^  H   [ k ]  + 2  (  H − 1  )   (  k − 2  )    log  2   ρ H      (  n ≥ 2  )    



(9)







And the relationship between the threshold value of each IMF and    W H   [ k ]    can be identified as


    log  2  (   log  2  (  T H   [ k ]  /  W H   [ k ]  ) ) =  a H  k +  b H   



(10)







From Equation (10), the adaptive threshold value of each IMF can be identified as:


   T H   [ k ]  =  W H   [ k ]  ·  2   2   a H  k +  b H       



(11)







Based on the above analysis, the denoising procedure using the fGn model can be summarized as follows:




	(1)

	
Since the first IMF is mainly composed by high frequency components, it is assumed that the first IMF contains most of noise. Therefore, the noise level can be estimated by computing    W H   [ 1 ]    from Equation (6).




	(2)

	
The “noise only” model can be obtained by Equations (6) and (7).




	(3)

	
Choose a confidence interval (95% or 99%) and the corresponding parameters from Table 1, so the model is fixed.




	(4)

	
Use Equation (11) to calculate the adaptive threshold value    T H   [ k ]    for the different IMF components.




	(5)

	
Decompose the original signal via the EMD/EEMD method, and compare the IMF energies with the corresponding threshold value.




	(6)

	
Reconstruct the signal by keeping only the residual and those IMFs whose energy exceeds the threshold, and then the denoised signal can be obtained.










2.3.6. Wavelet Denoising


A thresholding technique was utilized to denoise EMG signals [18,19]. The EMG signal was decomposed using Daubechies wavelets (db2). Daubechies wavelets are family of orthogonal wavelets defining a discrete wavelet transform [20,21]. Decomposition of EMG signal results in set of wavelet coefficients that correlates to the high frequency sub-bands. The level of decomposition was selected as per signal-to-noise ratio (SNR) from the EMG electrodes. We found that a decomposition level of 5 was adequate and would not remove EMG signal artifacts. The high frequency sub-bands contain details and low frequency sub-bands contain approximation of the signal. Since the details contain the high frequency noise, thus can be omitted to denoise the reconstructed signal. The thresholding technique set all frequency sub-band coefficients below certain threshold to zero and further use these coefficients in an inverse wavelet transformation to reconstruct the EMG signal. From theory, four times the standard deviation of detail coefficients would cover 99.99% of noise. Therefore, a threshold of 4.5 times of standard deviation was chosen.






3. Results


Mean medial gastrocnemius muscle onset time events for low pass filtered EMG signals of sixteen participants (8 young and 8 old) was found to be significantly different from those of iEMG for both normal (  p = 0.0118 )   and fast walking (  p = 0.0005  ) trials (Table 2). For most of the trials earlier onset were detected, when iEMG signals were filtered by low pass filter for normal speed walking trials (Table 3). We found that the duration of muscle activation was significantly different for both normal speed walking (  p = 0.0049  ) and fast speed walking (  p = 0.0012  ) for iEMG and low pass filtered signals. Thus, traditional way of low pass filtering was found to result in earlier onsets in normal walking whereas it was found to be advantageous in detecting preparatory pre-activations in fast walking as shown in Figure 3.



In all fast walking trials, an earlier preparatory pre-activation was found, which was not detected by our threshold based algorithm for iEMG and wavelet denoised signals. This may be one of the reasons for finding significant difference among onsets for iEMG and LPF and that of Wavelet and LPF (Figure 3). Thus EMD, EEMD, and LPF signals were advantageous, as they were able to detect preparatory pre-activations in fast-speed walking trials (Figure 3 and Figure 4).



We did not find any significant differences among older and younger participants’ muscle activation time for any denoising method (Figure 5). Onset of medial gastrocnemius for young and old participants was found to be starting around heel contact (HC) for normal walking trials (Figure 6a,b) in case of iEMG and wavelet denoised EMG signals, whereas LPF, EMD and EEMD denoising methods showed earlier onsets. EEMD denoised signals showed minimum deviation for normal walking trials muscle onsets among younger participants when compared with iEMG (assumed ground truth standard). The results are summarized in Table 4.




4. Discussion


Our results showed that low-pass filtering (LPF) of EMG signals will not determine accurate onsets of muscles for normal walking but may be helpful for detection of pre-activations when threshold-based algorithms are used. One of the limitations of our work is that we have used iEMG onset events as gold standard. We also found that iEMG fail to detect pre-activations during fast walking whereas LPF can successfully detect it. Wavelet denoising was found to be the best for normal walking onset detections and EEMD was found to have deviated least in onset detection for normal walking and was able to detect muscle pre-activations during fast walking.



The key point for the EMD/EEMD denoising technique is the energy of the first IMF component, which is assumed as the high-frequency noise in the denoising algorithm. And other IMF components would be estimated based on the energy of the first IMF component. Therefore, it is significant to separate the high-frequency correctly from the original signal. If the energy of the first IMF components is underestimated, the threshold of remaining IMF components would be smaller, it would become difficult to denoise the noise in the EMG signals; whereas if the energy of the first IMF components is overestimated, the useful information in the EMG signals will be removed associated with denoising. Probably the EEMD algorithm can effectively solve the problem of mode mixing, thus the high frequency and small amplitude signal can be separated from the original signal. Thus, the first IMF component would not contain the useful low frequency information, and would only reflect the noisy high frequency information.



To consolidate the theoretical analysis, 16 sets of data (8 from young adults and 8 from older adults) are utilized to testify the same conclusion. An interesting finding was that the EEMD denoising method is more effective for older adults than young adults. In order to better understand the effect, we should look into the basic functional element of a skeletal muscle. Usually striated muscles are classified into two types—Type I and Type Ⅱ [22,23,24]. Type I muscle units are slow tonic fibers, with 70–125 Hz frequency range, and Type Ⅱ muscle units are fast phasic muscle fibers, with 126–250 Hz frequency range. The changes in muscle morphology and muscle function with age include a selective loss of type II muscle fiber area and an increased proportion of type I fibers, especially for the gastrocnemius. Due to this, the frequency spectrum of EMG signal from older adults contains relatively larger frequency range and lower power components comparing to that of EMG signal from young adults. Thus the EMG signal from older adults is much easier to cause mode mixing via EMD algorithm, and this may be the reason for EEMD denoising technique being more effective than EMD denoising method when they are applied to the older adults.




5. Conclusions


This study investigated the effect of the EEMD denoising method, EMD denoising method, wavelet method, and low-pass filtering on EMG temporal events such as onsets and cessation. Our results demonstrate that relying on only low pass filtering might not accurately determine true muscle onset which is a critical temporal parameter of EMG signals. Four different denoising approaches: low-pass filtering, wavelet method, EMD method, and EEMD method, are compared, when applied to determine gastrocnemius muscle onset and cessation in sixteen participants within two different age groups and under two different walking conditions. Wavelet denoised signals predicted onsets much closer to that by iEMG for normal speed walking. There existed a tradeoff in using EEMD denoised signals for normal speed walking onset detection (least deviated from iEMG onset) to fairly accurate detection of pre-activation muscle onsets. Delayed onset of lower extremity muscle is an indication that the activation is stimulated by a stretch stimulus, rather than central nervous system control [25]. Delay of gastrocnemius action until late terminal stance implies influence of passive stretch during dorsiflexion. After comprehensive comparison, we concluded that EEMD denoising method performs best in muscle onset performance considering both normal and walking condition.
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Figure 1. Flow chart of the empirical mode decomposition (EMD) process for signal decomposition. 
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Figure 2. (a) A simulated signal; (b) EMD results of the simulated signal; (c) ensemble empirical mode decomposition (EEMD) results of the simulated signal. 
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Figure 3. Onset and cessation for normal and fast walking with iEMG (as standard ground truth) and other denoised EMG signals for one participant. 
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Figure 4. (a) Normal walking onset and cessation points for four participants; (b) the same four participants walked at 20% higher to normal speed. 
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Figure 5. Medial Gastrocnemius muscle activation duration (s) for different noise filtering methods (RMS, low-pass, EEMD, EMD and wavelet) for older (upper) and younger (lower) participants. 
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Figure 6. (a) Onset and cessation points of medial gastrocnemius in 8 young participants (b) Onset and cessation points of medial gastrocnemius in 8 old participants. Low pass filtering showed earlier onset and delayed cessation in both young and old participants. 
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Table 1. Confidence Interval Parameters for the Linear Model.
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	H
	     β H     
	     a H    ( 95 % )    
	     b H    ( 95 % )    
	     a H    ( 99 % )    
	     b H    ( 99 % )    





	0.2
	0.487
	0.458
	−2.435
	0.452
	−1.951



	0.5
	0.719
	0.474
	−2.449
	0.460
	−1.919



	0.8
	1.025
	0.497
	−2.331
	0.495
	−1.833
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Table 2. Tukey’s Honestly Significant Difference comparison of onset point and time of muscle activation.
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Method 1

	
Method 2

	
Onset Points

	
Muscle Activation Time

	
Onset Points

	
Muscle Activation Time




	

	

	
Fast Walking

	
Fast Walking

	
Normal Walking

	
Normal Walking




	

	

	
Difference

	
p-Value

	
Difference

	
p-Value

	
Difference

	
p-Value

	
Difference

	
p-Value






	
iEMG

	
LPF

	
43.55

	
0.0005 *

	
0.31

	
0.0012 *

	
34.15

	
0.0118 *

	
0.29

	
0.0049 *




	
Wavelet

	
LPF

	
35.88

	
0.0055 *

	
0.26

	
0.0091 *

	
32.82

	
0.0171 *

	
0.28

	
0.0070 *




	
iEMG

	
EEMD

	
28.91

	
0.0391 *

	
0.19

	
0.0923

	
12.85

	
0.7227

	
0.11

	
0.6286




	
iEMG

	
EMD

	
22.73

	
0.1621

	
0.16

	
0.2088

	
10.70

	
0.8358

	
0.084

	
0.8251




	
Wavelet

	
EEMD

	
21.24

	
0.2165

	
0.14

	
0.3298

	
11.52

	
0.7956

	
0.10

	
0.6993




	
EMD

	
LPF

	
20.82

	
0.2341

	
0.15

	
0.3040

	
23.45

	
0.1627

	
0.20

	
0.0916




	
Wavelet

	
EMD

	
15.06

	
0.5539

	
0.11

	
0.5646

	
9.37

	
0.8918

	
0.075

	
0.8767




	
EEMD

	
LPF

	
14.64

	
0.5810

	
0.12

	
0.5327

	
21.30

	
0.2432

	
0.18

	
0.1888




	
iEMG

	
Wavelet

	
7.67

	
0.9369

	
0.091

	
0.9640

	
1.33

	
0.9999

	
0.0090

	
1.0000




	
EMD

	
EEMD

	
6.18

	
0.9706

	
0.029

	
0.9947

	
2.15

	
0.9996

	
0.027

	
0.9971








*: p-Value < 0.05 (Significantly different among Method 1 and Method 2).
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Table 3. Performance matrix of Onset detected by 16 participants with iEMG (integrated EMG) signal, Low –pass filtered (LPF), ensemble empirical mode decomposition (EEMD) denoised, Empirical mode decomposition (EMD) denoised and Wavelet (daubechies) denoising.






Table 3. Performance matrix of Onset detected by 16 participants with iEMG (integrated EMG) signal, Low –pass filtered (LPF), ensemble empirical mode decomposition (EEMD) denoised, Empirical mode decomposition (EMD) denoised and Wavelet (daubechies) denoising.





	% Stance
	iEMG
	LPF
	EEMD
	EMD
	Wavelet





	[−50% to −21%]
	0.063
	0.50
	0.19
	0.19
	0.13



	[−20% to 9%]
	0.25
	0.38
	0.25
	0.25
	0.19



	[10% to 39%]
	0.44
	0.063
	0.38
	0.38
	0.44



	[40% to 69%]
	0.25
	0.063
	0.19
	0.19
	0.25



	[70% to 99%]
	0
	0
	0
	0
	0
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Table 4. Muscle onset performance results of threshold based algorithm and various denoising methods.
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	iEMG
	Wavelet
	EEMD
	LPF
	EMD





	Normal Walking
	Good
	Best
	Fairly Good

(earlier onset detected but least deviation)
	Not Good

(earlier onset detected)
	Not Good

(earlier onset detected)



	Fast Walking
	Not Good

(pre-activations skipped)
	Not Good

(pre-activations skipped)
	Best
	Good
	Best
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