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Surface  electromyography  (sEMG)  signals  are  expected  to help  recognize  motions  precisely  and  timely
for its  generation  origins  from  muscular  contractions.  In most  cases,  existing  researches  about  sEMG-
based  motion  recognition  cannot  guarantee  comprehensively  excellent  performance  and  apply  flexibly
to different  types  of  motions.  This  paper  proposes  a new  initiative  via  deep  learning  to  recognize  general
composite  motions,  which  processes  sEMG  signals  as  images.  Inspired  by several  definitions  of  “sEMG
Image”  for  static  gestures,  we define  a novel  “sEMG  Image”  to represent  composite  motions,  which
can  make  different  cooperation  of muscles  reflected  on  image  textures.  With  a well-designed  convo-
lutional  neural  network  (CNN),  this  method  can  obtain  effective  filters  automatically  to extract  features
of  texture  by  the training  of  considerable  data.  The  results  from  two  experiments  of  different  composite
ransfer learning
ensor fusion

motion  recognition  (including  gentle  writing  motions  and  drastic  sign  language  motions)  indicate  that
this  method  embraces  high  accuracies  and  strong  generalization  ability  for  several  influence  factors.  In
addition,  two  techniques  are  proposed  to further  optimize  this  method:  pre-train  the  network  with  an
irrelevant  dataset  to  reduce  the  demand  for data  and  speed  up the  convergence;  fuse  multiple  sensors
with  simple  modifications  for  CNN  to  improve  performance  greatly.

©  2020  Elsevier  B.V.  All  rights  reserved.
. Introduction

With the advancement of artificial intelligence,
uman–computer interaction (HCI) can be exploited to improve
eople’s quality of life and work efficiency. Surface electromyog-
aphy (sEMG) is a crucial type of physiologically electrical signal,
epresenting real-time human motion intents. Because of this
haracteristic, sEMG-based HCI system exhibits a wide range of
pplications. In general, those applications can be split into two
ypes, discrete classification (e.g., motion recognition [1] and
iagnosis [2]) and continuous prediction (e.g., force estimation
3], trajectory prediction [4] and control of rehabilitation robots

5,6]). sEMG-based motion recognition has unique superiorities
ompared with those based on other sensors. On the one hand,
nlike vision-based recognition that requires cameras mounted
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924-4247/© 2020 Elsevier B.V. All rights reserved.
in the environment, sEMG-based recognition has not to suffer
from space constraints because of the wearability. On the other
hand, it is unnecessary to place sEMG electrodes at each joint
like the data-glove based on Inertial Measurement Unit (IMU),
because complex motions can be predicted with sEMG signals
of several corresponding muscles. Therefore, the study about
sEMG-based recognition possesses practical potentials by virtue of
its wearability, rich information and noninterference to motions.
So it has attracted the interest of researchers all over the world in
recent decades.

In earlier studies, to improve the performance of recognition,
researchers made many forces to explore discernible features and
powerful classifiers. In order to improve the recognition accuracy,
some researchers believed that ideal features can be acquired by
extracting the useful information which is hidden in sEMG signals
and removing the unwanted part and interferences. For instance,
Phinyomark et al. [7] compared 37 time-domain and frequency-

domain sEMG features for gesture recognition and analyzed their
superiorities and weaknesses. In addition, various classifiers have
been tested, including support vector machine (SVM) [8,9], random
forest (RF) [10], linear discriminant analysis (LDA) [11], Gaus-
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ian mixture model (GMM)  [12], neuro-fuzzy system [13], etc. To
etermine a proper combination, Guo et al. [14] compared the
erformance of different recognition methods for 8 upper limb
otions with 8 combinations of four feature extractions and two

lassification methods. Nevertheless, hand-crafted features always
ave their limitations, and traditional classifiers have no ability to
epresent complex mapping relations. Therefore, although plenties
f combinations of features and classifiers were tested, the perfor-
ance of sEMG-based recognition is far from the requirements of

ractical application.
In this decade, the usage of deep learning algorithms exhibits

emarkable superiorities in supervised learning. With the increase
f computing power and high-quality dataset, deep learning algo-
ithms have achieved huge improvements in many application
cenarios. In recent years, an increasing number of researchers
ave attempted to apply deep-learning algorithms on sEMG-based
otion recognition. The network structure used by these stud-

es is mostly convolutional neural network (CNN) and its variants.
he study of Yang et al. [4] indicated that CNN-based method can
ffectively decode complex wrist movements with three degrees
f freedom (DOF) from raw sEMG signals. Côté-Allard et al. [15]
roposed to put spectrograms and continuous wavelet transform
CWT) of sEMG signals into CNN. Since CNN was originally designed
or processing images, some researchers proposed several different
oncepts of “sEMG Image”. Ding et al. [16] converted the sEMG sig-
als to sEMG images by sliding window and established a parallel
ultiple-scale convolution architecture. The sEMG Image defined

y Geng et al. [17] and Wei  et al. [18] is a matrix of instantaneous
EMG signal offered by high-density electrodes where each elec-
rode can be regarded as a pixel of sEMG images. Based on the
ork of Geng et al. [19] proposed a new sEMG image represen-

ation based on a traditional features vector and established an
ttention-based hybrid CNN and Recurrent neural network (RNN)
rchitecture. All of the above methods have achieved more excel-
ent performance than conventional methods. Atzori et al. [20]
howed that CNN with a very simple architecture can produce
ccurate results comparable to the average classical classifiers.
herefore, deep-learning methods embrace a promising potential
n the field of sEMG-based recognition.

In fact, as for motion recognition, there are two different types of
argeted motions according to whether they are static or dynamic
n motion units to be recognized, static gestures and composite

otions. As shown in Fig. 1, static gestures (e.g., hand gestures)
ave no changes in motion units and composite motions (e.g., sign

anguage motions, handwriting motions) are dynamic in motion
nits. In other words, composite motion consists of a dynamic
equence of gestures. There are no essential differences in the
dentification methods between these two types of motions, and

he recognition for composite motions requires additional con-
ideration of the time dimension compared to recognitions for
tatic gestures. For example, Wu et al. [21] proposed a method
hat utilized IMU  and sEMG signals to achieve sign language

Fig. 1. Examples of static gesture (left
nd Actuators A 311 (2020) 112046

recognition with the selected features and SVM. Zhang et al.[22]
proposed to utilize multimodal-CNN and long short term mem-
ory (LSTM) to achieve sentence-level recognition based on four
types of wearable sensors (3-axis accelerometer, gyroscope, ori-
entation, and sEMG). Huang et al.[23] proposed a method to
recognize the handwritten numbers through comparison of sEMG
samples and templates with dynamic time warping (DTW). How-
ever, whether for static gestures or composite motions, it is hard
to apply the method of one task to another task because each
method always is designed to specific tasks other than general
tasks.

To conclude, there are two  unresolved problems for existing
researches which prevent sEMG-based motion recognition from
achieving wide-range applications, imperfect recognition perfor-
mance (including accuracy, generalization ability, adaptability,
etc.) and incompatibility among different tasks. In response to
the above two limitations, we  hope to find a way which can
achieve excellent performance for different recognition tasks. Con-
sidering limitations of hand-crafted features and conventional
classifiers, deep learning is a promising way  to breakthrough
the limitations. Inspired by the definition of “sEMG Image” [17],
we plan to define a new “sEMG Image” to present general
composite tasks. The main contributions of this paper are as fol-
lows:

1. It is the first attempt to develop a general method to recog-
nizing composite motions. We  define a new “sEMG Image” to
represent composite motions generally. Therefore, whether for
drastic sign language motions and gentle writing motions, dif-
ferent cooperations of muscles can be reflected on the texture
of sEMG images only if electrodes are placed at corresponding
muscles. With a well-designed CNN, effective texture features
would be extracted automatically through the training of con-
siderable data, which will not be restricted by specific models. In
this paper, the effectiveness for different composite motions is
verified by two entirely different experiments, the recognition
of handwritten digits and the recognition of 20 sign language
motions.

2. By fully exploiting the potential of CNN, the present method
exhibits excellent performance. Referring to results of the exper-
iments, CNN achieves higher accuracies compared with classic
methods. When it comes to different subjects and changes of
writing speed and writing size, this method exhibits strong gen-
eralization ability. Additionally, we propose two  means of deep
learning to refine the proposed method: pre-train the network
with an irrelevant dataset to speed up convergence and reduce
the demand for data; fuse the information of others sensors with

simple modification.

3. Without hand-crafted features and complex models, this
method can be applied conveniently and timely in various sce-
narios for engineers and researchers.

) and composite motion (right).
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Fig. 2. Schematic presentation of the proposed method.
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Fig. 3. Displa

. Method

In this section, we will describe the proposed method in detail,
hich includes signals preprocessing, motion segmentation, sEMG

mages generation, and establishment of CNN. The schematic of the
roposed method is shown in Fig. 2. Subsequently, two  optimiza-
ion methods based on the proposed method are elaborated.

.1. Signal preprocessing

EMG  signals refer to potential differences caused by contrac-
ion of muscular fibers, which are controlled by the central nervous
ystem. Compared with implanted electrodes that can pinpoint
he corresponding muscle fibers, surface electrodes collect signals
on-invasively, but collected signals are relatively weak and insta-
le due to the superposition of signals from multiple muscles and
he filtering by skin and fatty. Additionally, sEMG signals are sus-
eptible to effects from external and internal factors (e.g., noise
rom external environment, friction between skin and electrodes,
tc.). Therefore, sEMG signals are supposed to be preprocessed to
mprove signal-to-noise ratio. Potvin et al. [24] discovered “Less
s more” phenomenon that removing 99% of the raw sEMG sig-
al power will result in significant and substantial improvements

n biceps force estimates. The reason for the phenomenon is that
he low-frequency part contains redundant information, such as
atigue of muscles. In addition, Potvin et al. [25] stated that there
as the non-liner relationship between the sEMG amplitudes and

orce observed for most muscles, which can be described by the
ollowing formula,

(t) = eAe(t) − 1
eA − 1

(1)

here e(t) denotes raw sEMG value, a(t) denotes the value after
on-linear mapping and A is a constant. De Luca [26] stated that
he amplitude of surface EMG  signal is qualitatively related to the

mount of torque (or force) measured about a joint, whereas an
ccurate quantitative relationship is elusive. Since our task aimed
o classify the actions rather than estimate accurate numerical
alue of force, we set the parameters A empirically in the nonlinear
eprocessing.

transformation. The sampling frequency of the sEMG acquisition
equipment that we  used, the Trigno Wireless EMG  System, is up to
2000Hz. Referring to signals processing of Potvin et al. [24], the pre-
processing will be achieved in the following steps and the display
of that is illustrated in Fig. 3:

1. The raw sEMG signals are low-pass filtered with a cutoff of
950 Hz using a third-order Butterworth filter.

2. This raw sEMG signals are high-pass filtered with a cutoff of
750 Hz using a third-order Butterworth filter.

3. The raw sEMG signals are full-wave rectified.
4. The filtered sEMG signals are linearly normalized as a percentage

of the maximum sEMG amplitude of the trial.
5. This signals are then non-linearly normalized with Eq. (1) and

proper down sampling.

2.2. Motion segmentation

As mentioned above, composite motions are comprised of
sequences of gestures. Therefore, motion segmentation is neces-
sary to discern the starting point and the terminal point of motion
unit precisely and automatically. In this study, the method of slid-
ing rectangular window is used to analyze consecutive signals. This
method could distinguish whether the signals of unit window are
belong to the process of motion according to the energy value Q.
For multichannel signals, Q refers to the energy sum of the whole
channels and its equation is as follows:

Q =
N∑

n=1

W∑
t=0

(an(t) − Bn)2 (2)

where N denotes the number of channels, W denotes the length of

unit window, an(t) denotes the value of signals, Bn denotes the value
of signal when the corresponding muscle is fully relaxed. Besides,
threshold value to distinguish the states should be set in advance.
To enhance adaptability, the threshold will be set according to the
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Fig. 4. Example of sEMG image.

 of the

v
o

T

w
p
e
t

2

t
e
e
c
s
c
X
r
a
e
d
i
A
s
6
a
e
a
i
c

Fig. 5. Structure

alues of maximal voluntary contraction (MVC) and the potential
f complete relaxation:

 = � · W

N∑
n=1

(MVCn − Bn)2 (3)

here MVCn denotes the sEMG signal of the corresponding channel
roduced by the maximal voluntary contraction and � is an experi-
ntial constant. Motion is considered to begin when signals exceed
he threshold for a certain period of time, and vice versa.

.3. sEMG image

To represent static gestures, Geng et al.[17] defined signals from
wo-dimension high-density electrodes as “sEMG images” where
ach pixel represented instantaneous activations of corresponding
lectrodes. As for composite motion, there is a dynamic process
omprised of a sequence of static gestures. So, in order to repre-
ent composite motion with image, the time dimension must be
onsidered. Therefore, we define a new “sEMG image” as follows.
-axis of sEMG image represents time dimension, and Y-axis rep-
esents the multichannel of electrodes. According to the electrodes
rrangement, Y-axis can also be considered as activation of differ-
nt muscles. So each pixel of sEMG images represents the activation
egree of corresponding electrode at a certain time. Take the sEMG

mage used in the experiment of handwritten digits for example.
fter motion segmentation, each signal sequence of 6 channels is
plit into 30 parts equally and each part would be averaged so that

 ×30 matrix is obtained, which considered as “sEMG image”. From
n example of sEMG image in Fig. 4, stroke of digits means coop-

ration of different muscles and further unique array of muscular
ctivation, which ultimately can be reflected in texture of sEMG
mage. In other words, texture features of sEMG images can reflect
orrelations between muscular activations and time sequences.
 proposed CNN.

2.4. Convolution neural network

As a typical method of deep learning, CNN has been widely used
in the field of image processing. The convolution kernels trained by
considerable quantity of data correspond to operators which can
extract specific features automatically. Furthermore, CNN [27] has
the characteristics of translation invariance and scale invariance
based on their shared-weights architecture, which can eliminate
effects from motion difference in amplitude and trajectory.

Based on the structure of LeNet-5 [28], a convolutional neu-
ral network is designed in this study, adapted to sEMG images,
as shown in Fig. 5. In the first layer, set 16 filters whose shapes
are 2 × 6. As we  all know, filters of CNN are often assumed to be
square. In fact, it is because the horizontal and vertical dimension
in the field of computer vision usually makes no difference. And
convolution filters are not limited to square in other areas (e.g., NLP
and radio signals). Considering the shape of sEMG image, convolu-
tion kernel is designed to the size of 2 × 6. Subsequently, rectified
linear unit (ReLU) is selected as the activation function, which is
expressed as Eq. (4). It effectively removes negative values from
an activation map  by setting them to zero, increasing the nonlin-
ear properties of the network. ReLU is often prioritized compared
with other functions because it facilitates the process of training
without reducing accuracies. Similar to the first layer, the second
layer is a convolution layer with 32 filters. Subsequently, set max
pooling layer to reduce computational burden without reducing
precision. Then, max  pooling layer is connected to the dense layer
and SoftMax function, which is Eq. (5). Finally, predicted results are
generated according to probabilities.

f (x) =
{

0, x ≤ 0

x, x > 0
(4)
Si = ei∑
je

j
(5)
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Fig. 6. Structure of 3D-CNN.
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Furthermore, to prevent overfitting, the dropout strategy [29] is
dopted in the fully-connected layer. At each training stage, indi-
idual nodes are either “dropped out” with probability 1 − p or keep
ith probability p and only the reduced network is trained on the
ata in that stage. Subsequently, the removed nodes are reinserted

nto the network with their original weights. In addition, the cross
ntropy, as shown in Eq. (6), characterizes the distance between the
ctual output probability p and the expected output probability q.
t is general to utilize the cross entropy to evaluate training per-
ormance of the network. Adam [30], an optimization algorithm, is
tilized to train the proposed network. This algorithm combines
dagrad [31] and RMSprop [32], which leverages the power of
daptive learning rates methods to find individual learning rates
or each parameter.

(p, q) = −
∑

x

(p(x) log q(x) + (1 − p(x)) log(1 − q(x))) (6)

.5. Transfer learning

As is vastly recognized, one of the major factors for accurate
redictions of deep learning algorithms is the amount of training
ata available, i.e., deep learning algorithms are data-hungry. Addi-
ionally, the expense of sEMG signals’ collection is huge because
f its arduous process for subjects. Therefore, how to get excel-
ent results based on small datasets should be considered. Transfer
earning [33] seems a solution to this problem because it advocates
ransferring knowledge from other fields to improve performance
f targeted task. To be specific, major advantages of transfer learn-
ng are to speed up convergence, improve accuracies and reduce
emands for data. Through observation, there is abundant tex-
ure information in sEMG images. And MNIST is a classic dataset
f handwritten number pictures, which also have abundant tex-
ure information. Therefore, the present paper attempts to adopt
ne-tuning, a classic strategy of transfer learning, to learn capabil-

ties of features extraction for texture information. The process of
ne-tuning is presented as follows:

. Pre-train the network by MNIST and save weight values of the
network after training.

. Fix weight values of first two layers with pre-trained values and
train the fully-connected layer with the dataset of sEMG image.

.6. Sensors fusion

Sensors fusion is a common strategy to improve performance
hen considering limitations of individual sensor. Since sEMG

ignals directly represent information about muscular activation
nstead of positions, many researches [34,22] of motion recognition
refer to combine information from multiple sensors (e.g., gyro-
cope, accelerometer, etc.) to achieve excellent results. Although
his paper focus on sEMG-based motion recognition, the proposed

ethod can fuse multiple sensors with simple modification for
he network. Based on the definition of sEMG image, we proposed

 new 3-dimension data frame, including signals of sEMG and
ccelerometers. Delsys myoelectric electrodes we used are inte-
rated with 3-axis accelerometers so that acceleration information
an be recorded simultaneously with the sEMG signals. Like the
rocessing of sEMG signals, 3D acceleration signals would be seg-
ented and converted into matrixes. Thus, the input data is the
atrix of size 4 × 6 ×30, including sEMG data of size 1 × 6 ×30 and

cceleration data of size 3 × 6 ×30. Referring to the structure of 2D-

NN mentioned above, the structure of 3D-CNN is designed to fit
D data frame, as shown in Fig. 6. In the first layer, set 32 filters
hose shapes are 2 × 2 ×6 and set ReLU as the activation func-

ion. The second layer is the convolution layer that has 64 filters
Fig. 7. Process of data collection.

of size 2 × 2 ×6. Subsequently, set max  pool so as to reduce compu-
tational burden without reducing precision. Finally, set the dense
layer and then output the results normalized by SoftMax function.
The optimization algorithm, loss function, drop strategy is identical
as 2D-CNN.

3. Experiments and results

In order to testify the universality of this method, the proposed
method is applied to two  different tasks of composite motion recog-
nition, the recognition of handwriting motions and sign language
motions. Handwriting motions are slight and intricate, while sign
language motions are wide-range and multi-joints. Both experi-
ments conduct full and comprehensive verifications and also apply
classic methods to compare with the proposed method. In addi-
tion, the superiority of Transfer Learning will be testified in the first
experiment, the handwriting motions recognition; And the supe-
riority of sensors fusion will be testified in the second experiment,
the sign language motions recognition.

Although recently some sEMG datasets were published, such as
NinaPro [35], there are no open-source sEMG data sets available
for the composite motions targeted by the proposed method. So
we were supposed to establish a dataset. The equipment we  used
is Trigno Wireless sEMG System, which is high-performance and
easy-to-use. The wireless electrodes send signals to base station
with the frequency of 2000 Hz, and computer acquires multichan-
nel signals from the base station by Universal Serial Bus (USB).
Furthermore, we designed a program to collect labeled signals
based on Python. In order to facilitate the one-to-one correspon-

dence between data and labels, set the 3-seconds acquisition
interval when the subjects must complete motions according to
on-screen instructions. Fig. 7 exhibits the process of data collection
in the experiment of recognizing handwritten digits. In both exper-
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ages of writing digits.
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Table 1
Accuracies (%) of handwritten digits recognition experiment.

Method Subject

Subject-1 Subject-2 Subject-3

SVM 56.2 51.2 44.1
RF  58.4 62.7 50.5
DTW 75.8 82.4 65.4
CNN 79.2 86.5 75.3
TransL 83.3 89.1 80.2

Table 2
Results of the two-way ANOVA for recognition accuracy.

Source Type III sum of squares df Mean square F Sig.

Corrected model 0.293 6 0.049 52.760 0.000
Intercept 7.207 1 7.207 7798.406 0.000
Subject 0.033 2 0.017 17.863 0.001
Method 0.260 4 0.065 70.208 0.000
Error 0.007 8 0.001
Total 7.506 15

Table 3
Results of Tukey HSD for method.

Method N Subset

1 2 3

SVM 3 0.5050
RF 3 0.5720
DTW 3 0.7453
CNN 3 0.8033 0.8033
TransL 3 0.8400
Sig.  0.140 0.227 0.602

Table 4
Results of Tukey HSD for subject.

Method N Subset

1 2

Subject-3 5 0.6306
Subject-1 5 0.7052
Fig. 8. sEMG im

ments, 3 healthy subjects helped to complete the data collection
or different motions. Before collection process, the values of totally
elaxing and maximal voluntary contraction for each subject were
ecorded in advance. During the process, subjects were required to
void extra motions and unnecessary muscular contractions.

Subsequently, CNN and transfer learning (TransL) method are
stablished with the help of TensorFlow [36], an end-to-end open-
ource platform for deep learning. In addition, we select three
lassical and general methods to compare with the proposed
ethod, including support vector machine (SVM), random forest

RF) and dynamic time warping (DTW). Referring to the work of
hen et al. [8] and Su et al. [10], SVM and RF are built based on scikit-

earn [37], a free software machine learning library. Classic features
ill be extracted and sent into classifiers for training, including
ean absolute average, zero-crossing numbers, variance, autore-

ressive coefficient, and median frequency. In addition, referring
o the method proposed by Huang et al. [23], DTW will be applied
o compare with the proposed method in the experiment of hand-
riting numbers. With the help of the open-source project [38] in

he Github, DTW algorithm is established to measure the similarity
etween two temporal sequences. Compared with the template,
he most similar action in multiple channels is considered to be the
esult of the prediction. Finally, to derive a more accurate estimate
f model prediction performance, fivefold cross-validation [39] is
dopted.

.1. Experiment I: handwritten digits recognition

Writing motions are mainly manipulated by the cooperation of
orearm muscles. Therefore, place six wireless electrodes in the
osition of subject’s forearm as shown in Fig. 7. To prevent elec-
rodes from shaking, the medical self-adhesive strap was  used to
x the electrodes. Subsequently, acquisition process mentioned
bove was repeated 100 times for writing one digits and signals
ere recorded simultaneously. In sum, 3 × 10 × 100 labeled signal

equences have been collected. By motion segmentation algorithm,
he average time of extracted signals is about 1.2 s. And then, sig-
als are converted into sEMG images. Fig. 8 exhibits Subject-1’s

 × 10 sEMG images of writing digits 0–9. It is obvious that differ-
nt strokes lead to different texture features and different samples
f the same digit possess uniform textures, which indicates the
otential of separability.

With validation set and training set split by cross-validation,
lassifiers of this method and comparative methods are trained

nd the results are listed in Table 1, which exhibits accuracies
f different classifiers for different subjects. It is noted that the
ccuracies in Table 1 are obtained based on the dataset from the
ame experimental session of the same subject. Results of analy-
Subject-2 5 0.7436
Sig.  1.000 0.175

sis of variance (ANOVA) presented in Table 2 indicate that there
are significant differences (p < 0.05) among subjects and methods.
Through Tukey test, the results presented in Table 3 indicate five

methods can be divided into three homogeneous subsets: perfor-
mances of CNN, TransL and DTW are significantly superior to RF
and SVM; performance of DTW reaches the level of CNN, but there
is still significantly inferior to TransL. Additionally, from Table 4, the
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Fig. 9. sEMG images of writing digits “3” among three subjects.

Fig. 10. sEMG images of writing digits “3” under different writing modes.

Table 5
Accuracies (%) of different writing modes.

Method Standard Different Size Different speed

SVM 56.2 42.3 44.5
RF  58.4 45.8 49.2
DTW 75.8 47.4 54.7

p
a
h
F
a
w
c

o
o
i
e
i
i
s
i
l
t
m
o
s
t
i
r
f
t
r
v
d
C

CNN 79.2 71.6 75.3
TransL 83.3 76.9 80.1

erformance of Subject-3 is significant inferior to those of Subject-2
nd Subject-3. Through the observation and comparison of writing
abits and sEMG Images of three subjects, which are presented in
ig. 9, we found that writing motions of Subject-3 were more stable
nd forceful so that his muscles kept high-level activation during
riting. It can be concluded that writing habits of individuals is a

onsiderable influence factor to the performance of recognition.
To further test the generalization ability of this method, effects

f different writing habits are considered. Specifically, sEMG signals
f Subject-1 are recorded under different writing modes, includ-
ng writing big-size digits and writing with faster speed. Fig. 10
xhibits the sEMG images of writing digits “3” under different writ-
ng modes. By the way, the reason for choosing digit “3” is that
ts texture is representative and easy to compare. Compared with
EMG images of standard mode, textures of writing big-size dig-
ts are stretched and reinforced because amplitudes of strokes are
arger. As for fast-writing mode, image textures are more indis-
inct and fuzzy than those of standard mode due to the increase of

otion intensity. Statistically, the average time of extracted signals
f fast-writing model is about 0.6 seconds, which is almost half of
tandard mode. With signals of writing big-size digits as valida-
ion set, the generalization ability with respect to written digit size
s expected to be tested; similarly, the generalization ability with
espect to writing speed will be tested through making signals of
ast-writing mode as validation set. Subsequently, the results of
his method and comparative methods are listed in Table 5. As the

esults show, the performance of these methods has declined in
arious degree when considering different speeds of writing and
igit sizes, while the declining degree of DTW is more serious than
NN because DTW relies on fixed templates. Through Tukey test,
Fig. 11. Training process of CNN and TransL.

the performance of CNN and TransL is significantly more superior
than three other methods. One possible explanation to excellent
performance of deep-learning methods is the invariance of CNN
improved by the max  pool. Thus, in order to verify this point, max
pools were removed so that the accuracy decreased by 3–8%. There-
fore, it can be concluded that CNN and TransL possesses stronger
generalization ability to reduce the effects from different writing
habits.

In order to verify superiorities of TransL, training processes of
CNN and TransL were recorded in Fig. 11. TransL converged in
less than 200 epoches, whereas CNN basically converged after 500
epoches. It is clear that the convergence of TransL is faster and the
accuracy is higher, which indicates that the knowledge obtained
from pre-training by MNIST is valuable for this task. Subsequently,
to compare degree of data demand between these two  methods,
convergent test accuracy of different-size datasets were recorded,
as shown in Fig. 12. This Figure suggests that TransL performed

better with the same-size dataset. Overall, it can be concluded that
the pre-training by MNIST enhanced performance, sped up conver-
gence and reduced the demand for data. The video in the adjunct
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Fig. 12. Accuracy curve with respect to data quantity.
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Fig. 14. Electrode positions of sign language experiment.
Fig. 13. Confusion matrix of handwritten digits.

xhibits the process of data collection and online recognition of
andwriting numbers. The online recognition of number 0-9 does
ot always work and the performance is slightly lower than offline
ecognition. From confusion matrix, as shown in Fig. 13, recogni-
ion accuracies of the numbers 3, 4 and 5 were very high, while 0
nd 6 were easy to confuse each other. After excluding confusing
igits 6–9, the accuracy of online recognition for 0–5 numbers is
bout 85%, as shown in the video.

.2. Experiment II: sign language recognition

Sign language was created to help hearing-impaired people to
xpress their thoughts, while most of hearing people cannot under-
tand the meaning of sign language motions. Thus, automatic sign
anguage recognition is significant to break the barriers between
he deaf community and hearing people. Similar to handwritten
umbers, 20 signs of American Sign Language (ASL) used in daily
onversations are selected in our paper. Three subjects, who were
eginners of ASL, imitated the motions of ASL from the video in
he Internet and repeats each sign 30 times. In addition, not only

EMG signals but also acceleration signals are recorded simulta-
eously. Six electrodes were placed on the positions as shown in
ig. 14. Similarly, the medical self-adhesive strap was used to fix
he electrodes.
Fig. 15. Accuracies of sign language motion recognition.

sEMG signals reflect activation of corresponding muscles other
than accurate position, so pure sEMG signals seem unsubstan-
tial and deficient. Unlike writing motions, sign language motions
are wide-range and multi-joint movements, which are appropri-
ate to fuse information of acceleration signals and sEMG signals.
Thus, acceleration signals are introduced to identify the sign lan-
guage motions with the sEMG signals. In this experiment, we also
selected SVM and RF as comparable methods. Referring to the stud-
ies of Zhang et al. [34] and Su et al. [10], in addition to features
of pure sEMG signals, features of acceleration signals (e.g., abso-
lute average, variance, and autoregressive coefficient) are fed into
SVM and RF simultaneously, which are named as SVM-F and RF-F
to distinguish from SVM and RF based on pure sEMG signals. As
mentioned above, 3D-CNN is established by slight modifications of
2D-CNN. Subsequently, sEMG signals and acceleration signals are
sent into the 3D-CNN. Finally, the results of the proposed meth-
ods and comparative methods are exhibited in Fig. 15. In general,
methods which fuse acceleration and sEMG signals exhibit bet-
ter performance than corresponding methods which rely on pure
sEMG signals. Whether or not the acceleration signal is fused, CNN
has obvious advantages over SVM and RF. Tukey test also reveals
that 3D-CNN is significantly superior than other methods including
2D-CNN. And 3D-CNN has reached accuracies of 94–97% on three
different subjects, which reaches the applicable level in real life.
Furthermore, with simple modification of 3D-CNN, the accuracy
based on only acceleration signals is obtained, which is compared
with accuracies of pure sEMG and sensor fusion in Table 6. Accu-
racies based on separate sensor are significantly inferior to that
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Fig. 16. Training processes of dif

Table 6
Sensors fusion comparative experiment.

Information source Pure sEMG Pure Acc Sensors Fusion

o
F
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n
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t

References
Test Acc 0.78 ± 0.03 0.69 ± 0.03 0.94 ± 0.02

f sensors fusion, which is also verified in the training process in
ig. 16. Unlike tendencies of curves based on sensors fusion, test
ccuracy of methods based on separate sensor cannot continue
o ascend with training accuracy, which reveals the limitations of
nformation resource. Therefore, it is advisable to say that sen-
ors fusion provides sufficient extractable information and helps
etwork convergent to more excellent performance.

. Discussion

As for gentle writing movements that needs complex coop-
ration of forearm muscles, plenty of uncontrollable factors will
nfluence the activation of each muscle, such as changes of sitting
osture, muscle fatigue and changes of stroke order. These factors
etermine that this task is challenging. From final results, although
EMG-based recognition of handwriting movement still cannot go
utside the laboratory, the proposed method exhibits excellent per-
ormance compared with conventional methods. As for wide-range
nd multi-joint sign language motions, this method has reached
he applicable level in real life. The excellent performance on both
ifferent tasks verify universal effectiveness for dynamic compos-

te motions. In addition, this method has no complex model, no
omplex concept and no complex network. Therefore, it is conve-
ient for researchers and engineers to apply this method to their
cenarios which need to recognize composite motions.

In both experiments, deep-learning methods are superior to
onventional classifiers in general. The reasons to the inferiority
f conventional classifiers (i.e., SVM and RF) are lack of capacity
hat extracts correlations among various features, and limitation
rom handcrafted features. Through training, convolutional filters
n CNN are adept to extract texture information of sEMG image

hich represents correlations between muscular activation and
ime sequence. And the results also have revealed that general-
zation ability of CNN can reduce the effects from different writing
abits. Therefore, it can be demonstrated that this method fully
ake advantage of superiorities of CNN to achieve excellent perfor-

ance. However, sEMG signals [40] are highly subject-specific and
ary considerably even between experimental sessions of the same
ubject within the same experimental paradigm. From results of the
nter-subjects experiments we tried, inter-session accuracies have
ignificant inferiority compared with intra-session accuracies and

nter-subject differences exceeds the generalization ability of CNN.
n further research, model adaptation techniques will be introduced
o address the inter-session and inter-subject problems.
ferent information source.

Furthermore, this paper proposes two techniques to explore the
potential of deep-learning methods. First, to reduce the consider-
able demand for data, it is practical to transfer knowledge from
an irrelevant dataset. Second, this method can fuse multiple sen-
sors conveniently with simple modifications, which can improve
the performance significantly. The successes of these two technol-
ogy applications remind us that there are still huge potentials for
deep-learning methods in the fields of sEMG-based recognition. In
the future, we hope we  can utilize deep-learning method to achieve
sentence-level recognition of sign language motions with the help
of semantic knowledge.

5. Conclusion

In this paper, we proposed an easy-to-use and high-
performance method to recognize universal composite motions
based on sEMG signals. This method proposes initiatively to make
correlation of time sequence and muscular activation reflected in
texture of sEMG images, and utilize CNN to extract texture infor-
mation. Through the experiments which applied this method to the
recognition for two different composite motions, excellent perfor-
mances on both different tasks verified the universal effectiveness
for various composite motions. By exploiting the potential of CNN,
this method is demonstrated to breakthrough limitations of con-
ventional methods and possesses stronger generalization ability to
reduce effect from influence factors. The successes of two tech-
niques (transfer learning and sensor fusion) make us believe that
there are still huge potentials for deep-learning methods in the
fields of sEMG-based recognition.
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