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This  paper  introduces  phasor  representation  of electromyography  (EMG)  feature  extraction  (PRE).  The
well-known  EMG  signal  analysis  methods,  namely  root mean  square  (RMS),  and  waveform  length  (WL)
are adopted  into  phasor  form  depending  electrode  placement.  The  values  of these  methods  are  computed
from  8-channel  EMG  signals,  and  their  magnitudes  with  respect  to origin  are  used  to  construct  phasor
represented  features  in  this  study.  The  class  separability  of the  PRE  is  strengthened  by  adding  difference
EMG  and  Euclidean  distanced  phasor  in  order  to obtain  improved  feature  set  against  force  and  electrode
variations.  The  simulations  (three  schemes)  are  performed  on  publicly  available  EMG  dataset  on  transra-
dial  amputees,  and  the  results  are  presented  in terms  of  accuracy  and  processing  time  considering  the
rosthetic hand control
yoelectric control

ransradial amputees

control  strategies  of a  prosthetic  hand.  Linear  (LDA),  and  quadratic  (QDA)  discriminant  analysis,  and  k-
nearest  neighbor  (k-NN)  classifiers  are  trained,  and  tested  by  the  PRE  features.  Our  method  outperforms
previous  accuracy  rates  in  some  cases,  and  reaches  to accuracy  results  of  the  first  study  using  this  dataset
without  using  any  reduction  method.  In our simulations,  accuracy  rates  up  to 71.17%  (PRE  with  QDA)  for
six classes  hand movements  with  three  force  levels  are  obtained  decreasing  processing  time  by 81.83%.

©  2020  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Surface electromyography (sEMG) signals from the muscles
f a healthy limb or a residual limb have been widely used for
uman-machine interaction (HMI), myoelectric prostheses and
ehabilitation robots [1,6,9]. The hidden information in the sEMG
ignals is an assistive tool to control robots, computer games, and
specially prosthetic devices for amputees [1,8,13,20]. The main
pproach to use surface electrodes at given a muscle location is to
xtract the similarity between muscle activity and signal pattern.
n the other hand, it is still a difficult task to extract informative

eatures from amputee’s residual limb [3,20,24]. Although the elec-
rodes are placed onto residual limb, the informative and separable
eatures are expected to be extracted for different movements of
ost limbs with various force levels [2,20].

There are several upper limb prostheses [4,7] controlled by
EMG signals with conventional signal processing and pattern

ecognition (PR) methods [18]. Hence, researchers have focused on
everal PR approaches as well as different channel configurations
nd movements [11]. These can be categorized into three groups;

∗ Corresponding author.
E-mail address: ahmet.mert@btu.edu.tr (A. Mert).

ttps://doi.org/10.1016/j.bspc.2020.101881
746-8094/© 2020 Elsevier Ltd. All rights reserved.
time-domain (TD), frequency-domain (FD), and time-frequency
(TF) domain analysis for mono-variate or multi-variate signal pro-
cessing [5]. Root mean square (RMS), integrated EMG  (IEMG),
waveform length (WL), mean absolute value (MAV), slope sign
changes, and the number of zero crossing rate (ZCR) can be listed
as successfully proposed time-domain methods [12,13,15]. Fast
Fourier transform (FFT) [10], and wavelet transform (WT) [8]
based FD and TF-domain features were evaluated on EMG signals
belonging to different contraction levels. k-nearest neighbor (k-NN)
algorithm with aforementioned TD signal analysis was  performed
on four different hand posture classification. It was reported that
accuracy rates up to 94% were obtained [22]. Six hand motion clas-
sification using discrete wavelet transform (DWT) with wavelet
neural network (WNN) yielded average accuracy rate of 94.67%
(max 100%) [8]. In another study, RMS, sample entropy (SE), and
WL  were adopted to the inputs of support vector machine (SVM)
and general regression neural network (GRNN) to classify nine hand
movements. The recognition rates were 98.64%, and 96.27%, respec-
tively [15]. These methods are also discussed in a review paper
[17]. Time-dependent power spectrum descriptors (TD-PSD) was

first introduced in 2014, and evaluated on publicly available EMG
signals of healthy subjects [14] using linear discriminant analy-
sis (LDA), k-NN), SVM. It was reported that error rates have been
reduced to 8% for 5 hand position with 8 class hand movements. In

https://doi.org/10.1016/j.bspc.2020.101881
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2020.101881&domain=pdf
mailto:ahmet.mert@btu.edu.tr
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Table 1
The information of transradial amputees in the dataset.

Participant Age Gender Amputation type

Amputee 1 25 M Traumatic
Amputee 2 33 M Traumatic
Amputee 3 30 M Traumatic
Amputee 4 27 M Traumatic
Amputee 5 35 M Traumatic
Amputee 6 29 M Traumatic
Amputee 7 57 M Traumatic
Amputee 8 19 F Congenital
Amputee 9 31 F Congenital
 F. Onay and A. Mert / Biomedical Sign

16], deep neural network (DNN) performance (98.88%) was  com-
ared to SVM (98.66%), k-NN (90.64%), random forest(RF) (91.78%),
nd decision tree (88.36%) using the same database.

It is impossible to make a definite comparison about the suc-
ess rates of the PR methods on sEMG due to different electrode
lacement scheme, number of channels, force level, and move-
ent. However, it is clear that studies on healthy subjects have

igher accuracy levels when compared to studies on amputees,
.g., accuracy rate up to 97.87% were obtained using EMG  map
mage processing method [23]. However, error rates up to 30–40%

ere yielded using TD feature set and LDA within inter-level mus-
le contraction in the study on intact-limbed subjects [21]. It was
ecreased to 8–10% within inter-level contractions. sEMG recorded
rom intact-limbed subjects, and FT features were performed on
hree force levels of nine wrist movements [10]. It was  reported
hat the error rate was lessened by 11% compared to TD method,
ut specific electrode placement was also reported as vital. Thus,

mplementation of this configuration has limitations to deformed
mputee stump, and other residual limbs. Al-Timemy et al. [2] were
cquired at least 8 channels sEMG signals from nine transradial
mputees for three force levels. Feature vectors based on the TD-
SD with k-NN, LDA, Naive Bayes (NB), RF classifiers were evaluated
n this data set. LDA classifier performed nine amputees’ record-
ngs within inter-level force(trained and tested using sEMG signals

ith same force level), unseen force level (testing without trained
evels), and finally all force levels (testing and training data con-
ists of each force level), and has approximately 8%, 10%, and 13%
or inter-level error rates, between 30–70% for unseen force levels,
nd 17.42% for all force level. Spectral regression was the key point
n this paper to reduce dimension of the TD-PSD features. Besides,
he effect of four different scenarios of the residual limb position on
lassification accuracy of 8-channels EMG  signals were investigated
19]. Acquisition while sitting, walking on a flat ground, ascending a
tar, and descending a star were conducted to evaluate the robust-
ess of the EMG-PR approaches. In [25], aforementioned EMG-PR
ethods were performed on downsampled signals of healthy and

mputee subjects. EMG  acquisition using a wearable device was
imulated by downsampling to 200 Hz, and the accuracy results of
he five data sets compared to 1000 Hz sampled recordings. It was
eported that wearable device with low sampling rate can cause
rastic reduction for prosthetic hand control.

Our purpose is to propose a novel feature extraction for multi-
hannel sEMG signals from transradial amputees. The phasor
epresented EMG (PRE) feature space is introduced in this paper.
nstead of applying the well-known RMS  and WL  based features to
lassifiers directly, they are formed into phasor space, and then log-
rithmically scaled signal and features are used to extract feature
ector. The proposed PRE is performed on the EMG  recordings, and
he results are compared to the previous novel method called TD-
SD [2] considering prosthetic hand control strategies for different
orce levels. In addition to introduced phasor space in this paper,
e present the results eliminating dimension reduction process

o reach up to high accuracy rates. The remainder of the paper is
rganized as follows: Section 2 provides a description of the EMG
atabase and related study. The proposed PRE based feature extrac-
ion is presented in Section 3. Consequently, in Section 4 simulation
esults of the PRE with classifiers are examined, and the conclusions
re drawn in Section 5.

. Dataset description and related work
The EMG  dataset consists of 8-channel EMG  recordings from
ine participants suffering from unilateral transradial amputation
7 traumatic, 2 congenital). Table 1 shows the detailed information
f the participants.
Fig. 1. The electrode placement on a residual limb.

A multi-channel EMG  acquisition system was  mounted on the
residual limb shown in Fig. 1, and then multi-channel signals were
recorded during each motion at different force levels. Thus, six
motions namely thumb flexion (TF), index flexion (IF), fine pinch
(FP), tripod grip (TG), hook grip (HG), spherical grip (SG) classes in
Fig. 2 were obtained for three variable force levels as low, moderate
and high.

The EMG  signals belonging to each motion were recorded at five
to eight trials for each force level to enhance reliability of dataset
with the length of 8–12 seconds. In the original study [2], classifica-
tion accuracy against varying force levels for these six classes were
performed on these recordings. For this, the proposed TD-PSD [2]
by modifying spectral moments to enhance discrimination power
among the six classes with varying force levels. First, three even
normalized moments m0, m2, m4 were obtained by

mk = 1
N

√√√√N−1∑
i=0

∇kx2
i
. (1)

where N is the total number of samples and k is the degree of the
differentiation. Then, these were used to extract the feature vector
as given by

f1 = log(m0) (2)

f2 = log(m0 − m2) (3)
f3 = log(m0 − m4) (4)

f4 =
(

m0√
m0 − m2

√
m0 − m4

)
(5)
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 hand movements in the dataset.

f

f

f
s
a
d
t
a
n
t
s
i

F

A
m
l
t
s
l
s
a
d
a
t
t
i
w
a
o
e
t
c
o
e
S

3

o
a
l
(
s
d
w
l

m
c
r
p

]
(12)
Fig. 2. The six classes of the

5 = log
(

m0

m2m4

)
(6)

6 = log

( ∑N−1
i=0 |∇x|∑N−1

i=0 |∇2x|

)
. (7)

4, f5, f6 are well-known feature extraction techniques called
parseness, irregularity factor, and waveform length ratio. Authors
lso extended the feature vector by repeating the same proce-
ure to logarithmically scaled EMG  signal log

(
x2 [n]

)
. Finally,

wo feature vectors composed of six elements were obtained as
 = [a1, a2, a3, a5, a6],  and b = [b1, b2, b3, b4, b5, b6] for the sig-
al itself, and the logaritmically scaled version, respectively, and
hen their orientation between original signal based and non-linear
caled signal based feature vectors are estimated using cosine sim-
larity measure function as

i = 2aibi

a2
i

+ b2
. (8)

ccording to myoelectric control strategies of a prosthesis, the
ulti-channel EMG  signals were split into segments with the

ength of 150 ms  and 50 ms  overlapping, and the final feature vec-
or, F with 48 dimensionality was extracted for each parts of the
ignal. SR, which is an unsupervised and semi-supervised subspace
earning algorithm, is used to reduce dimensionality to five. Con-
equently, two trials were applied to the classifiers including LDA,
nd k-NN as test data, and the others were retained as training for
ifferent classification schemes; (1) Training with a single force,
nd testing using same level. (2) Training with a single force, and
esting using untrained (unseen) two force. (3) Training with all
hree forces, and testing it using single force at a time. In the orig-
nal study on transradial amputees [2], spectral regression (SR)

as used for dimension reduction of the extracted features. SR is
 semi-supervised subspace learner, that can cause biasing effect
n classifier performance, and requires more processing time for
ach sample (i.e., each testing vector should be processed within
raining at a time, or all testing and training data should be pro-
essed together at once, but it is not suitable for control strategies
f a prosthetic hand). For this reason, we propose the PRE feature
xtraction method to reach the accuracy levels of the study without
R.

. Proposed phasor represented feature extraction

In the proposed novel feature extraction method, we focus
n the two crucial steps of EMG  signal processing for transradial
mputees. The first, it should be immune to varying contraction
evel (low, moderate, and high) for different types of movements
thumb flexion, index flexion, fine pinch, tripod grip, hook grip,
pherical grip), and the second one is low computational cost or
elay for implementation of the myoelectric control of prosthesis,
hile separating capability of the acquired signal from a residual

imb is less than healthy subjects.
The proposed phasor representation is based on distance based
odeling of all channels. The residual limb is modeled as a cylindri-
al part with 8 electrodes so that 8 phasors (P0, P1. . .,  P7) with �/4
adian spacing are constructed. The demonstration of the electrode
hasors is shown in Fig. 3.
Fig. 3. The phasor representation principle of the study.

The magnitude sequences given in Fig 3 are insubstantial, but
the main principle of the proposed method is based on extrac-
tion of the unique pattern for each movement with varying force
levels. Due to the same electrical activity produced by muscles, a
robust feature extraction techniques are required to quantify the
signals from electrodes. The well-known and successfully applied
root mean square (r) and the waveform length (w) are deployed to
measure channel activity given by

r =

√√√√ 1
N

N−1∑
i=0

x2
i

(9)

w =
N−1∑
i=0

∑∣∣xi+1 − xi

∣∣ . (10)

where x [n] is the N samples EMG  signal from each channel. Now,
we can start to form phasor features for EMG  signal as

Pr =
[

r0, r1ej �
4 , r2ej �

2 , r3ej 3�
4 , r4ej�, r5ej 5�

4 , r6ej 3�
2 , r7ej 7�

4

]
(11)

Pw =
[

w0, w1ej �
4 , w2ej �

2 , w3ej 3�
4 , w4ej�, w5ej 5�

4 , w6ej 3�
2 , w7ej 7�

4

, and then the same steps are applied to ∇x [n] to increase sepa-
rability of the feature set for varying force levels. Thus, pairwise
Euclidean distances between phasors after difference phasor com-
putations, ∇Pr, and ∇Pw are formulated by
Dr =
[∥∥ �r0 − �r1

∥∥ ,
∥∥ �r0 − �r2

∥∥ , . . .,
∥∥ �r1 − �r2

∥∥ , . . .,
∥∥ �r6 − �r7

∥∥] (13)

Dw =
[∥∥ �w0 − �w1

∥∥ ,
∥∥ �w0 − �w2

∥∥ , . . .,
∥∥ �w1 − �w2

∥∥ , . . .,
∥∥ �w6 − �w7

∥∥] .(14)
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Fig. 4. Classification accuracy for nine amputees depending on experimental scheme 1 (training and testing with the same force level).
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Fig. 5. Classification accuracy for nine amputees depending on

Likewise, pairwise distances ∇ Dr , and ∇ Dw within ∇Pr, and
Pw are computed to construct logarithmically scaled final feature

ector by

 =
[
log
(

Dr
)

, log
(

Dw
)

, log
(

Dr/∇Dr
)

, log
(

Dw/∇Dw
)]

. (15)

With the help of the aforementioned combination of multi-
hannel EMG  processing, it is expected to extract 112 dimensional
eature vector being immune to force and channel variations. We
lso adopted the same segmentation and data partitioning (test-
ng and training trials) in the original study of the dataset [2] for
erformance comparison within scheme 1–3 in terms of accuracy
nd processing time. In addition, we investigated QDA classifier
erformance on the dataset comparing to LDA and k-NN.

. Results and discussion

The proposed PRE is performed on publicly available multi-
hannel EMG  recordings from nine transradial amputees [2]. The
ecording stage consists of 8-channel signals with 8–12 s length
epeating the same movement at least 5 times. Thus, six move-
ent classification (TF, IF, FP, TG, HG, and SG) with three force levels

low, moderate, and high) was evaluated using two of them as test-

ng with 150 ms  segmentation and 50 ms  overlapping. Stick to the
chemes of the original study, we performed our PRE method on
his dataset to provide the impact of feature extraction and training
n EMG.
rimental scheme 2 (testing with the unseen two force levels).

Scheme 1 is also known as disregarding the effect of force varia-
tions, the classifiers are trained and tested using the same force
level. Experiments are performed on nine amputees recordings
using LDA, QDA, and k-NN. The results of scheme 1 are shown in
Fig. 4.

Generally, the classifiers with low computational cost namely,
LDA and QDA have lower accuracy rates when compared to k-NN.
LDA at all force levels with the proposed PRE method outper-
forms TD-PSD, while QDA and k-NN at high levels do. The average
accuracy rates in scheme 1 can be summarized as 66.00%, 75.16%,
79.52% for the proposed PRE, and 59.48%, 79.93%, 82.55% for TD-
PSD, respectively.

The next scheme is to classify untrained two force levels while
single force level is applied as testing data. The accuracy levels of
the classifiers are decreased dramatically for both methods given
in Fig. 5.

The proposed PRE method is more successful than TD-PSD
method referring Fig. 5. The average results are 48.23%, 43.21%, and
46.02% for PRE, 44.50%, 36.28%, and 46.80% for TD-PSD. Moreover,
the highest scores (54.64%, 54.61%) are obtained when PRE with k-
NN and QDA classifiers are fed by moderate force level as training
data. Thus, our proposed method can be alternative approach to
different force level variations for EMG  classification.
The 3rd scheme is the most effective way to analyze the sig-
nal processing and machine learning algorithms together. In this
scheme, the classifiers are trained using all level force variations,
and then tested by a force level at a time in order to provide detailed
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Fig. 6. Classification accuracy for nine amputees depending on experimental scheme 3 (testing the classifier with a single force).

Table 2
The accuracy rates (%) of the proposed PRE method.

Experiment Method Classifier Low Moderate High Average

Scheme 1

Proposed
PRE

LDA 77.11 63.23 63.68 66.00
QDA 74.91 73.48 77.09 75.16
k-NN 81.52 77.13 79.92 79.52

TD-
PSD

LDA 63.12 59.09 56.24 59.48
QDA 84.65 79.78 75.38 79.93
k-NN 87.28 80.82 79.55 82.55

Scheme 2

Proposed
PRE

LDA 40.26 52.00 37.37 43.21
QDA 49.96 54.61 40.1 48.23
k-NN 51.25 54.64 40.79 46.02

TD-
PSD

LDA 35.53 40.65 32.67 36.28
QDA 51.10 50.27 32.14 44.50
k-NN 50.82 52.14 37.46 46.80

Scheme 3

Proposed
PRE

LDA 60.88 61.95 58.52 60.45
QDA 69.30 75.66 68.53 71.17
k-NN 79.62 76.88 78.5 78.34

TD-
LDA 51.74 53.92 48.15 51.27
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Table 3
Processing time of the feature extraction with the classifiers for all force levels.

Method Processing time (s)

Only PRE 133.13
Only TD-PSD 732.83

LDA with PRE features 8.73
LDA with TD-PSD features 3.68

QDA with PRE features 9.70
QDA with TD-PSD features 3.78

However, it required more processing time for each sample (i.e.,
PSD
QDA 73.77 72.40 68.74 71.63
k-NN 83.44 78.78 77.33 79.85

escription about the processes, and their performances. For this
eason, the simulations are conducted, and the accuracy rates of
he three classifiers for nine amputees are shown in Fig. 6.

As given in Fig. 6, our proposed PRE method outperforms TD-
SD at all force levels with LDA, moderate with QDA, and high with
-NN classifier. For example, PRE LDA yields 60.88%, 61.95%, and
8.52% (average is 60.45%) while TD-PSD LDA scores are 51.74%,
3.92%, and 48.15% (average is 51.27%), respectively. At moderate
orce level, PRE-QDA has accuracy rate of 75.66%, when TD-PSD
DA has the rate of 72.40%. On the other hand, the success rates
f the proposed method are decreased by 0.21% (from 68.74% to
8.53% for high level), and 4.47% (from 73.77% to 69.30% for low

evel). k-NN results are similar to QDA, but it has slightly higher
cores than QDA. It yields 78.50%, and 77.33% for PRE, and TD-PSD
t high force level, respectively. This increase is not available for
ow and moderate forces, accuracy rates are dropped by 1.9% and
.82%. To summarize the results of the proposed method and the
lassifiers, Table 2 is given.

As stated before, proposed PRE with LDA is the most success-
ul method for all schemes, when compared to TD-PSD with LDA
lassifier. TD-PSD with QDA or k-NN outperforms PRE in scheme
, but PRE with all classifiers combination can successfully distin-

uish six hand movements at three force levels. Generally, scheme

 is the more realistic application in myoelectric control of tran-
radial amputees, and the proposed PRE has near accuracy rates to
k-NN with PRE features 4037.24
k-NN with TD-PSD features 1390.56

TD-PSD method (decreased by 1.51%, and 0.46% for high and mod-
erate, increased by 9.18 for low). However, the processing time of
the algorithm is as vital as the accuracy of the method. For this
reason, we should consider the time processing requirements of
the methods including EMG  signal analysis, and machine learning.
The processing times on a laptop computer with an Intel 2.5 GHz i7
processor and 8 GB RAM are given in Table 3.

The processing time computations are conducted on 476,990
EMG  samples (150 ms  segmented 8-channels), and presented. Our
proposed PRE requires 133.13 s to extract EMG  features for all sam-
ples, but TD-PSD needs 732.83 s to complete it. On the other hand,
the PRE increases the classification time by 5.05 s (from 3.68 to
8.73) for LDA, 5.92 s (from 3.78 to 9.70) for QDA. k-NN requires
huge amount of processing time, at least 1390.56 s for TD-PSD, and
4037.24 for PRE. From this point of view, k-NN is not a preferred
classifier for myoelectric control due to its high delay, but QDA is
also higher accuracy rates causing low delay rate. PRE has low com-
putation time (reducing 732.83 s to 133.13 s) with the accuracy rate
of 71.17%, and adds extra 5.92 s to all samples classification with
QDA due to 112-dimensional feature vector. Thus, the proposed
PRE feature extraction method with QDA classifier can be a suc-
cessful method for prosthetic limb control, considering accuracy
and delay. The details of the LDA, and QDA classification for each
hand movement are presented in Fig 7 .

In the original study on transradial amputees [2], spectral
regression (SR) was  used for dimension reduction of the extracted
features, and the TD-PSD with SR and LDA yielded average accuracy
of 82.58%. Before supervised learner, the semi-supervised subspace
learner, SR has positive biasing effect on classification performance.
each testing vector should be processed within training at a time,
or all testing and training data should be processed together at once,
but it is not suitable for control strategies of a prosthetic hand). For
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Fig. 7. Confusion matrices of LDA (a), and QDA (b) classifiers for scheme 3. 

his reason, we apply the same procedure of the TD-PSD without SR
o compare with our results. Authors also performed recent EMG
eature extraction methods without reduction namely DFT-Norm-

 and DFT-Norm-2 on the dataset [10]. These yielded 70.84%, and
4.14%, respectively. Considering the results of the previous stud-

es on the dataset in terms of accuracy and processing time, the
roposed phasor represented form of the EMG  signal techniques

s effective approach for prosthetic hand control of transradial
mputees.

. Conclusion

The novel electromyography (EMG) feature extraction is pro-
osed for transradial amputees considering prosthetic hand control
trategies. The phasor representation of the features for EMG  (PRE)
s introduced in this paper. Instead of using the well-known EMG

ethods, namely root mean square (RMS), and waveform length
WL) as feature vector, we construct it depending on phasor dia-
ram inspired by electrode placement on the residual limp. RMS
nd WL  of the 8-channel signals from the transradial amputees
re computed, and turned into phasor form according to their
lectrode angles. After adding logarithmically scaled results of
hasor Euclidean distances to them, improved feature extraction

s obtained for force level variations. Linear (LDA) and quadratic
QDA) discriminant analysis, and k-nearest neighbor (k-NN) algo-
ithms are used to classify six hand movements with three force
evels. Experimental scheme 1 (disregarding the effect of force
ariations), 2 (tested with unseen force levels), and 3 (tested a
ingle force, trained with all) [2] are simulated to evaluate the
erformance of the proposed PRE. For scheme 1, LDA with PRE
utperforms, but time domain power descriptor (TD-PSD) is more
uccessful than PRE for QDA and k-NN. PRE yields the highest accu-
acy rates, when unseen force classification. For scheme 3, the most
eneral application of the prosthesis control, our proposed PRE
eaches to the accuracy levels of the TD-PSD method (up to 71.17%,

nd 71.63% with QDA, respectively), but the PRE decreases pro-
essing time by 81.83% (from 732.83 s to 133.13 s). k-NN has the
ighest rate for all schemes, but the delay rate due to processing
ime makes it impossible for prosthetic control.

[

E, and TD-PSD results are presented in bold, and normal font, respectively.
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