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a  b  s  t  r  a  c  t

Simultaneous  multifunctional  control  based  on  surface  electromyography  (sEMG)  is a  key  issue for  natu-
ral  and  intuitive  use  of  upper-limb  prostheses  in  clinical  and  commercial  applications.  However,  muscle
synergies  make  simultaneous  multifunctional  control  technologically  challenging.  In this  study,  we  pro-
posed a new  feature  space  decomposition  approach  to alleviate  the  difficulty  brought  by muscle  synergies
for simultaneous  control  of  hand  and  wrist  movements.  In  the  feature  space  decomposition  approach,
Gaussian  mixture  modeling  (GMM)  clustering  is  used  to  split  the  whole  feature  space  into  a  set of Gaussian
clusters,  each  consisting  of samples  with  similar  characteristics,  to “divide-and-conquer”  the  complex
muscle  synergies.  Then,  a hybrid  simultaneous  control  strategy,  which  consists  of  switch  control  of  hand
movements  and  proportional  control  of  wrist  movements,  is performed  in  each  cluster,  instead  of  in the
whole  feature  space.  In the  experimental  study,  sEMG  signals  were  recorded  during  static  and  dynamic
muscle  contraction  involving  2-dimensional  wrist  rotation  (flexion-extension  and  radial-ulnar  devia-
tion)  and  3 basic  hand  movement  patterns  (relaxing,  fisting  and  grasping).  Results  show  that,  the  new
feature  space  decomposition  approach  can  increase  the  accuracy  for  switch  control  of hand  movement

patterns  from  90.10%  to 96.62%,  and  can  improve  the  correlation  between  true and  predicted  values  of
wrist  rotation  angular  velocity  from  0.71  to  0.84  (for  wrist  flexion-extension)  and  from  0.67  to 0.82  (for
wrist  radial-ulnar  deviation)  for proportional  control  of wrist. The proposed  feature  space  decomposi-
tion  approach  has  the potential  to yield  simultaneous  multifunctional  control  for  sEMG-based  upper-limb
prosthesis.

© 2018  Elsevier  Ltd. All  rights  reserved.
. Introduction

Upper-limb prosthesis could largely increase the functional
apacity of amputees and further improve their quality of life.
owadays, surface electromyography (sEMG) is the main signal

ource to provide multifunctional control for upper-limb prosthesis
1–4], because it could be used with pattern recognition techniques
o provide a natural mapping from upper-limb muscle motions to
rosthesis functions with high accuracy and easy operation.
At present, the most common strategy for sEMG-based prosthe-
is is switch control, which means the output of the control system
s switched among a certain number of pre-specified contraction

∗ Corresponding author at: School of Biomedical Engineering, Health Science Cen-
er, Shenzhen University, Shenzhen, 518060, China.

E-mail address: zgzhang@szu.edu.cn (Z. Zhang).

ttps://doi.org/10.1016/j.bspc.2018.04.011
746-8094/© 2018 Elsevier Ltd. All rights reserved.
patterns (usually 4–10 sustained hand and wrist postures). In the
past decades, switch control has been proven to be a simple and
robust control strategy. Most of the sEMG sensing systems based on
the switch control can achieve response time shorter than 300 ms
and recognition accuracy above 90% [5]. However, the switch con-
trol strategy is one major reason causing the non-intuitive control
of prosthesis [6], because it can only provide a discrete univari-
ate output and cannot recognize continuous variables (such as the
velocity of wrist rotation) or control multiple joints, which is far
from practical requirements of daily use [7,8].

A natural neuromuscular control of prosthesis should be pro-
portional (i.e., to yield continuous outputs) and simultaneous (i.e.,
to produce multiple outputs for different joints at the same time).

For upper-limb prosthesis, simultaneous proportional control has
been realized for shoulder and elbow [9]. A hand grasping force
estimation has also been included in the simultaneous proportional
control of robots [10]. Some studies have investigated simultaneous

https://doi.org/10.1016/j.bspc.2018.04.011
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2018.04.011&domain=pdf
mailto:zgzhang@szu.edu.cn
https://doi.org/10.1016/j.bspc.2018.04.011
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nd proportional estimation of multiple degrees-of-freedom wrist
ovements for applications to myoelectric prosthesis control with

mputations or congenitally deficient upper limbs [11–13].
However, simultaneous proportional control for wrist and fin-

er motions still poses a great challenge, mainly because of the
uscle synergies. Muscles of the forearm are distributed at three

evels [14]: superficial, intermediate and deep. Flexors carpi radi-
lis (FCR), flexors carpi ulnaris (FCU), extensor carpi radialis (ECR)
nd extensor carpi ulnaris (ECU) are layered in the superficial level
f the forearm and they are most related to the flexion-extension
f the wrist. Muscles related to the finger movement, such as flexor
igitorum superficialis (FDS) and flexor digitorum profundus (FDP),
re layered in the intermediate and deep levels of the forearm. As

 consequence, it is difficult to isolate sEMG signals from each sin-
le muscle and to eliminate cross-talk from other muscles. Based
n the hypothesis that behaviors might be produced through the
ombination of a small number of muscle synergies, several studies
pplied matrix factorization algorithms, like PCA, ICA, CSP, NMF, to
dentify relative activations between synergistic muscles for EMG-
ased prosthesis control.

Principal Component Analysis (PCA) uses an orthogonal transfor-
mation to project the multi-channel EMG  signal with the greatest
variance on the first coordinate while the least variance in the
data on the last coordinate. Hargrove et al. [15] used individual
PCA to extract task-specific synergies so that the classification
accuracy could be significantly improved.
Independent Component Analysis (ICA) projects multi-channel
EMG  signal into statistically independent components. Stauden-
mann et al. [16] proved ICA could reduce the PCA-based predict
error in muscle force estimation.
Common Spatial Pattern (CSP) projects the signal to the new
coordinate system with the aim of maximizing the difference in
the variance between signal from two classes. Hahne et al. [17]
demonstrated that CSP feature showed a high robustness against
noise for myoelectric control.
Non-negative matrix factorization (NMF) can decompose EMG
signal into non-negative elements and it is another commonly
used method for muscle synergies analysis [18–20].

Tresch et al. [21] compared the performance of PCA, ICA and
MF  in identifying muscle synergies. It was found that PCA gen-
rally has lower performance than ICA and NMF, where ICA and
MF  have comparable performance. In the comparison, the best
lgorithms were ICA applied to the subspace defined by PCA and a
ersion of probabilistic ICA with nonnegativity constraints (pICA).
t should be noted that all these blind source separation (BSS) meth-
ds are used on high-density EMG  signal (HD-EMG) to identify
ime-invariant muscle synergies. It would be a challenge to iden-
ify time-variant muscle synergies from low-density EMG  signal
LD-EMG). For LD-EMG, Huang et al. [22] embedded FIR filter in to
SP, which generates artificial channels with delayed signals and
imultaneously filters in both the spatial and spectral domain to
roduce spectral features representing muscle synergies at par-
icular spatial locations. For time-variant muscle synergies, wrist

ovements seriously interfere with the quality of sEMG signals
rom hand movements. During the wrist movements, the mus-
le synergies for hand movements would be time-variant, which
akes the extremely difficult for by using BSS method. In [23],

eddy et al. showed the mutual influence for finger and wrist in
heir position estimation and applied a correction for the signal
rom FDS during wrist motion in their recognition model. They

lso showed that, the linear relationship between the wrist flexion-
xtension and the root mean square (RMS) of sEMG from FCU
R2 = 0.95) was higher than that between finger position and the
MS  of sEMG from FDS (R2 = 0.84).
ing and Control 44 (2018) 209–220

In the present study, we introduced a new feature space decom-
position approach based on Gaussian mixture modeling (GMM)
clustering to alleviate the difficulty brought by muscle synergies,
and developed a hybrid simultaneous control strategy for both
switch control of hand (i.e., to classify hand relaxing, fisting and
grasping) and proportional control of wrist (to predict angular
velocity of wrist rotation in the direction of wrist flexion-extension
and radial-ulnar deviation). We designed a new experiment to
record sEMG signals during a variety of static and dynamic hand
and wrist movements involving wrist rotation and three hand
patterns, and showed different patterns of muscle synergies in
these hand/wrist movements. In the feature space decomposition
approach, the GMM  method groups samples into a finite num-
ber of clusters so that the samples in each cluster share similar
characteristics in the feature space defined by time-domain (TD)
sEMG features. We  also investigated the distributions of TD fea-
tures and showed that logarithm-transformed TD features are more
Gaussian-like and thus are more suitable for GMM  clustering. Next,
the hybrid control strategy (including switch control of hand move-
ments and proportional control of wrist movement) is performed
for each cluster identified by GMM.  For switch control of hand
movements, a weighted Linear Discriminative Analysis (wLDA)
classifier, which makes use of the prior probability of each cluster,
to improve classification accuracy, is used; for proportional control
of wrist movement, a multivariate linear regression (MLR) model
is adopted. Experimental results show that the proposed feature
space decomposition approach and hybrid simultaneous control
strategy significantly improve the performance for both discrete
classification of hand relaxing, fisting and grasping and continuous
prediction of the angular velocity of wrist rotation in the direction of
wrist flexion-extension and radial-ulnar deviation. Hence, the pro-
posed feature space decomposition approach and hybrid control
strategy can potentially make the prosthetic control more intuitive
and reliable.

2. Materials and methods

2.1. Subjects

Eight subjects participated in this experiment
(24.63 ± 4.27 years, 3 males 5 females). The sEMG signals were
collected from their dominant arms (all subjects are all right
handed). The experiments are in accordance with the Declara-
tion of Helsinki. Ethical approval of the study was  sought and
obtained from the Bioethics Committee, School of Biomedicine
Engineering, Shanghai Jiao Tong University (No. BM(E)2012045).
Each subject was given the written informed consent prior to the
experiment. No subject had a history of upper extremity or other
musculoskeletal disorders.

2.2. Experimental procedures

To explore the role of muscle synergies, we compared the com-
plex hand/wrist movements with pure hand movements in terms
of the distributions of sEMG features and the performance in move-
ment recognition. Fig. 1 illustrates the experimental setup. The
experiment was  carried out in 3 sections of hand and wrist move-
ments: a dynamic section (10 min), a static section (3 min), and a
repeated dynamic section (10 min). In each section, subjects were
instructed to perform three types of hand movements alternately
every 20 s, which were relaxing (all fingers relax), fisting (fingers

flexed together in fist) and grasping (extension type grasp with a
smartphone, 162 g of weight). In the static section, the subjects kept
their wrists static. In the dynamic section, the subjects were asked
to perform a full-amplitude wrist rotation in the clockwise direc-
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Fig. 1. Experiment setup. (a) The experiment consisted of three sections, which were one static section and two dynamic sections. (b) In the static section, the subjects kept
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heir  wrists static; in the dynamic section, the subjects were asked to perform a full 

or  wrist movement recognition.

ion accompanied with the three types of hand movements that are
he same as those in the static section. An animation of a rotating
all was displayed in the experiment to make sure all subjects fol-

ow the same rhythm. The rotation frequency of the ball varied in a
requency range from 0.6 Hz to 1.5 Hz, and this frequency range was
etermined by a pilot study. Some subjects reported feeling unnat-
ral for a frequency below 0.6 Hz and some subjects were unable to
ollow the rhythm or felt tired for a frequency greater than 1.5 Hz.

.3. Data collection

SEMG and angle signals were recorded simultaneously during
he hand and wrist movements by Datalog-LS850 (Biometrics Ltd.,
ewport, UK). Six EMG  sensors (SX320) were equally placed around

he forearm in the correspondence to the radio humeral joint. A
oniometer (SG65) was  placed on the wrist to monitor the move-
ent of wrist rotation in the dimensions of wrist flexion-extension

nd radial-ulnar deviation. The angular velocity for wrist rota-
ion was derived and used for wrist movement recognition. Both
EMG and angle signals were sampled at 1000 Hz. It is important
o note that, in this experiment only EMG  sensors and goniome-
ers are used, which are easy to be arranged. No further equipment
s required to fix the hand or arm and to measure the torque as
ommonly conducted in related studies [24,25]. Hence, our training
aradigm is more suitable for practical uses.

.4. Method

In this study, a new feature space decomposition approach is

roposed to alleviate the difficulty brought by muscle synergies
or simultaneous control of hand and wrist movements, which
ncludes three parts, which are 1) feature extraction, 2) feature
pace decomposition and 3) hybrid control (Fig. 2).
tude wrist rotation. (c) The angular velocity for wrist rotation was derived and used

2.4.1. Feature extraction
A set of Time Domain (TD) features, including Mean Absolute

Value (MAV), Wave Length (WL), Zero Crossing (ZC) and Slope Sign
Changes (SSC), were extracted from sEMG for recognition of hand
and wrist movements. TD features were originally proposed by
Hudgins et al. [26], in which continuous sEMG signals were seg-
mented into multiple frames and TD features were extracted from
each frame. In [4], Englehart et al. used TD features for continuous
sEMG control and they showed that the TD feature set was more
powerful than other features, such as the wavelet packet features,
for hand and wrist movement recognition. Due to the simplicity
and effectiveness, the TD feature set is adopted in the present study.
SEMG signals from 2 to 19 s for each relaxing, fisting and grasping
motion were segmented into multiple samples with a window of
100 ms  and an overlap of 75%. Note that the window length directly
determines the response time for prosthesis control system. There
are in total 6093 samples (677 samples per 20 s, 180 s) collected in
the static section and 40620 samples (677 samples per 20 s, 1200 s).
For each sample, there are 24 TD features (4 features per sensor, 6
sensors). MAV  and WL  are logarithmically transformed prior to the
GMM  clustering so that the log-transformed MAV  and WL  satisfy
the Gaussian assumption of GMM  (see details in Section 3A and
Fig. 4). In the remaining part of this paper, we used TD to denote
the feature set MAV, WL,  ZC, SSC, and used log(TD) to denote the
feature set log(MAV), log(WL), ZC, SSC. But ZC, SSC are not used for
its singular in GMM  clustering (more detail Sub-Section 2.4.2).

2.4.2. Feature space decomposition
To combat the problem of muscle synergies among the fore-

arm muscles in the wrist and hand movement, GMM  clustering is

adopted to group all samples in the feature space into a small num-
ber of clusters. By the idea of “divide and conquer” [27], the GMM
clustering algorithm can firstly “divide” the feature space into sev-
eral clusters, then the recognition problem will be “conquered” in
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Fig. 2. Schematic diagram of the feature space de

ach cluster, in which samples having similar features to ensure the
lassifier or the regression model is more specific. In this study, the
divide and conquer” strategy can recognize features in each clus-
er, where the state of wrist and hand movement shared similar
haracteristics, so that the recognition accuracy is expected to be
igher than that achieved by recognition in the whole feature space.
mong numerous clustering methods, GMM  clustering is popularly
sed for its simple mathematical form and interpretability [28]. For
ontinuous motion recognition, Panagiotis et al. [9,29], used a GMM
ased switching regime model to estimate arm motion for robotic
ontrol and the correlation coefficient between the estimation and
eal value for the Cartesian position of the user’s hand in the 3-

 space was increased by more than 0.1. Furthermore, GMM  was
lso used as the classifier to recognize multiple upper-limb motions
ith the accuracy as high as 95.68% [30].

The Gaussian mixture model is described as a weighted sum of
 Gaussian densities:

(x) =
M∑

i=1

ωig (x|�i, �i) ,  (1)

here x ∈ �D is the feature vector, for i = 1, . . .,  M,  ωi is the mixture
eight and

(x|�i, �i) = 1

(2�)D/2|˙i|1/2
exp

{
−1

2
(x − �i) ’�i

−1 (x − �i)
}

, (2)

is the D-dimensional Gaussian density function with mean vec-
or �i and covariance matrix �i. An expectation-maximization
EM) algorithm can be used to estimate the Gaussian distribution

arameters (�i, �i and ωi) [31]. Each component (i.e., Gaussian
ensity) is modeled as a specific cluster, and the cluster index for
ach sample is given by the component with the largest posterior
robability, weighted by the component probability.
osition approach and the hybrid control of hand.

In this application, Gaussian mixture parameters (�i, �i and ωi
for each cluster) are estimated from the features in the training
stage. Then the clusters for both training and test features are con-
structed from the Gaussian mixture distributions. Subsequently,
the classification (recognition of hand grasping and relaxing) or
regression (recognition of the angular velocity of wrist flexion-
extension) are performed in each cluster. Because the features ZC
and SSC are positive integers with only a few (around 20) possible
values, the estimate of the covariance matrix �i in the GMM  may
become singular, especially when the number of components M is
large and the number of samples in one component is very limited.
Hence, only the features log(MAV) and log(WL) are used for GMM
clustering

Fig. 3 illustrates the use of GMM  based feature space decom-
position approach for classification of hand relaxing and grasping.
As seen from Fig. 3(a), the complex distribution of features makes a
linear classifier over the whole feature space difficult to distinguish
the two motions (the accuracy is 52.26%). In Fig. 3(b), by dividing
the feature space into two  clusters using GMM,  samples of two hand
motions can be better distinguished in each cluster (the accuracy
is 81.82%).

To assess the structural difference of samples between the
whole feature space and the clusters, the mean Standard Devia-
tion (mSTD) of the possibility of three hand movement patterns in
each cluster is calculated. For the classification of hand movement
patterns, the standard deviation for cluster i can be calculated as

STDi =

√√√√ 1
3 − 1

3∑(
pk (i) − 1

3

)2
, (3)
k=1

where pk (i) is the probability of samples for each hand movement
pattern in cluster i, k=1, 2, 3 corresponds to the hand movement pat-
terns relaxing, fisting and grasping. If STDi is close to 0, the number
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Fig. 3. An illustration of classification of hand grasping and relaxing without GMM clustering (a) and with GMM  clustering (b). The features log(MAV) from two channels
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or  hand relaxing (denoted as crosses) and grasping (denoted as circles) are used t
lassified samples and incorrectly classified samples are respectively marked with
nd  the contour lines denote the Gaussian probability densities for each cluster. In 

f samples for three hand movement patterns in cluster i is almost
qual and [p1 (i) , p2 (i) , p3 (i)] will be close to [0.33,0.33,0.33]. If
TDi is close to 0.5774, the samples in cluster i are highly possible
o belong to one of three hand movement patterns. For exam-
le, if the probabilities [p1 (i) , p2 (i) , p3 (i)] = [1, 0, 0] in cluster i,
TDi = 0.5774 according to Eq. (3). Based on STDi, the quantity mSTD
an be defined as follows:

STD =
M∑

i=1

STDiNi

N
, (4)

here M is the number of the clusters used in GMM  clustering, Ni is
he number of samples in cluster i and N is the total number of sam-
les. The value of mSTD ranges from 0 to 0.5774. A small mSTD close
o 0 implies that the samples for the three hand movement patterns
re almost equally distributed in every cluster. A large mSTD close
o 0.5774 means the samples for the three hand movement pat-
erns are distributed in different clusters, which is advantageous
or pattern classification in each cluster.

.4.3. Hybrid control
For hand movement recognition, a weighted LDA (wLDA) is

sed in both the static and dynamic sections to classify grasping
nd relaxing patterns. Linear Discriminative Analysis (LDA) [33] is

 widely-used classifier for its simplicity (without any parameter
election). With the assumption that each class shares the same
ovariance matrix �, the discriminant function gc (x) for class �c is

c (x) = �c
T �−1x − 1

2
�c

T �−1�c, (5)

here �c is the mean value of class �c and c = 1, 2 or 3, correspond-
ng to the three hand patterns (hand relaxing, fisting and grasping).
s a variant of LDA, wLDA further considers the prior probabilities
(�c) for class �c in the discriminant function
c (x) = �c
T �−1x − 1

2
�c

T �−1�c + ln P (�c) , (6)

Since GMM  clustering can yield prior probabilities for the three
otions in each cluster, the wLDA classifier can make use of such
trate the advantage of feature space decomposition by GMM  clustering. Correctly
and white. The determinant functions of the classifiers are indicated by bold lines
e number of components M is set to be 2.

prior probabilities for a better classification performance. There-
fore, wLDA, instead of LDA, is chosen as the classifier in this study.
The classification accuracy of the hand relaxing, fisting and grasping
is used as the criterion for assessing the performance of recognition
of hand movement,

Accuracy = #correctly  classified samples
N

×  100%, (7)

where N is the number of testing samples.
For recognition of wrist movement, the multivariate linear

regression (MLR) method is used to predict the angular velocity
of wrist rotation in both dimensions separately. For each testing
sample xi, the estimation of the wrist angular velocity �̂i in one
dimension is as follows,

�̂i =  ̨ + ˇxi, (8)

The coefficients � and  ̌ could be computed by minimizing the
sum of squared residuals

S
(

˛, ˇ
)

=
L∑

j=1

(
�j −  ̨ − ˇxj

)2
, (9)

where �j is the real angular velocity for training sample xj, and L is
the number of training samples. The R2 value for one dimension

R2 = 1 −
∑N

i=1

(
�̂i − �i

)2

∑N
i=1

(
�̂i − �̄

)2
, (10)

is used for assessing the performance of the prediction, where
�̂i is the estimate of the real angular velocity �i, and �̄ represented
the mean of �i.

All the results come from the average of K-fold cross-validation,
in which all the samples from each subject are divided into K parts
and the training/testing procedure is repeated K times with each

part as the testing samples and the remaining K-1 parts as training
samples. K = 3 for the static section, in which all the hand motions
are repeated 3 times, and K = 5 for the dynamic section, in which all
the hand motions are repeated 20 times.
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ig. 4. Raw sEMG signals of one typical subject in the static session (a) and the dyn
f  sEMG features from channel 3 for hand relaxing (blue lines), fisting (red lines)
nterpretation of the references to colour in this figure legend, the reader is referred

. Results

.1. Gaussianity of sEMG features by muscle synergies

To illustrate the problem of muscle synergies in wrist and hand
ovements, raw sEMG signals and their feature distributions in

oth static and dynamic sections are shown in Fig. 4. In the static
ection, muscle synergies are task-specific. The activations between
uscles related to hand and wrist movement are highly correlated.
ence in Fig. 4(a), hand fisting and grasping patterns can be easily

dentified from the large magnitudes of sEMG signals in different
ensor channels. The remarkable difference in the distributions of
D features among hand relaxing, fisting and grasping makes it easy
o distinguish the three hand movements (Fig. 4(b)). In the dynamic

ection, strong rhythmic sEMG signals related to wrist movement
an be clearly observed at all channels, but the sEMG signals from
and grasping and relaxing are buried in the strong wrist-related
EMG signals and hard to be observed (Fig. 4(c)). Therefore, the
ession (c); the feature distributions and statistics (skew: skewness; kurt: kurtosis)
rasping (yellow lines) in the static session (b) and the dynamic session (d). (For
e web version of this article.)

difference between the feature distributions of hand relaxing, fist-
ing and grasping in the dynamic section is not as obvious as it is
in the static section (Fig. 4(d)), making the recognition of hand
movements more difficult.

To check the Gaussianity of features, the skewness and kurtosis
[34,35] for features MAV, WL,  ZC, SSC, log(MAV) and log(WL) from
one typical subject are labeled in Fig. 4(b) and (d). Furthermore, the
mean absolute values of skewness and kurtosis for all these features
are listed in Table 1. All the values are averaged from 6 sensors. The
main observations of these TD features are as follows.

1. In the static section, MAV  and WL for relaxing are smaller than
those for fisting and grasping. The larger values of skewness and
kurtosis indicate the stronger non-Gaussianity of MAV  and WL
for hand relaxing. In contrast, the MAV  and WL  features for fisting

and grasping have smaller skewness and kurtosis, and thus are
more Gaussian-like.

2. In the dynamic section, relaxing, fisting and grasping patterns
share similar values of skewness and kurtosis for the dis-
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Table  1
The skewness and kurtosis for features MAV, WL,  ZC, SSC, log(MAV) and log(WL) for grasping and relaxing pattern in both static and dynamic sections. All the data are the
mean  absolute values from the 6 sensors of 8 subjects.

Section Feature Relaxing Fisting Grasping

Skewness Kurtosis Skewness Kurtosis Skewness Kurtosis

Static MAV 3.84 53.76 1.59 5.99 1.36 5.72
WL  3.73 54.09 1.55 5.31 1.42 6.45
ZC  0.02 0.13 0.15 0.02 0.17 0.04
SSC  −0.15 0.19 0.04 −0.03 0.04 0.01
log(MAV) 1.35 11.83 0.31 0.56 0.22 1.20
log(WL) 1.52 16.03 0.36 0.55 0.27 1.49

Dynamic MAV  1.63 4.41 1.53 4.10 1.57 8.51
WL  1.73 4.95 1.42 2.98 1.64 10.24
ZC  0.27 −0.17 0.18 −0.29 0.23 −0.00
SSC  0.04 −0.13 −0.04 −0.14 0.01 −0.07
log(MAV)V) 0.30 −0.36 

log(WL) 0.36 −0.33 

Fig. 5. The mean Standard Deviation (mSTD) for different number of clusters used
in  GMM clustering based on TD and log(TD) features.
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wLDA classifier could make use of prior probabilities generated by
GMM  to improve the classification accuracy. As shown in Fig. 7,
wLDA outperforms LDA for all M〈errorimage〉’s. With the increase
tributions of MAV  and WL,  but they are not close to zero
(i.e., less Gaussian-like). The skewness and kurtosis of the
logarithm-transformed of MAV  and WL  are smaller, suggest-
ing the logarithm transformation can substantially increase the
Gaussianity of MAV  and WL.

. Compared with MAV  and WL  features, the distributions of fea-
tures ZC and SSC have smaller values of skewness and kurtosis
and are more Gaussian-like in both static and dynamic sections.

To sum up, the logarithmic operation on features MAV  and WL
ould make the distributions of the two patterns more Gaussian-
ike (with much smaller skewness and kurtosis), and, therefore,

ore separable in the subsequent GMM  based feature space
ecomposition.

The GMM  based feature space decomposition approach is then
sed to partition samples into a small number of clusters. We  first
how in Fig. 5 that, the mSTDs for log(TD) features are higher than
hose for TD features, which means samples for hand grasping
nd relaxing can be better divided into different clusters by using
og(TD) features. Subsequently, wLDA and MLR  could make a bet-
er recognition in each cluster. It can also be seen from Fig. 5 that

STDs for both TD and log(TD) features normally increase with
,  which suggests that a larger M may  lead to better recognition
esults.
0.10 −0.55 0.11 0.06
0.08 −0.62 0.15 0.27

3.2. Switch control of hand relaxing, fisting and grasping

Fig. 6 shows the classification accuracy for hand motions
recognition in both static and dynamic sections. Considering the
high accuracy (95.89% with TD features and 97.82% with log(TD)
features) for static section, the GMM  based feature space decom-
position approach is only performed in the dynamic section with
the number of mixture components M ranging from 2 to 40.

In the static section (Fig. 6(a)), the recognition accuracy of relax-
ing, fisting and grasping is 95.89 ± 3.28% with TD features. All
subjects achieve an accuracy above 90%. The log(TD) features (with
the accuracy of 97.82 ± 1.99%) would further improve thre accu-
racy than TD features (with the accuracy of 95.89 ± 3.28%), but
there is no significant difference between the accuracies obtained
using two  types of features (p = .074, paired sample t-test). By using
log(TD) features, two  subjects (subject 5 and 6) have their accura-
cies decreased.

In the dynamic section (Fig. 6(b)), the accuracies for classi-
fication of hand movements are lower than those in the static
section because of the muscle synergies caused by wrist move-
ment. The accuracies of directly using TD and log(TD) features are
90.10 ± 3.15% and 92.83 ± 4.57% respectively. The improvement of
log(TD) features over TD features is statistically significant (p = .004,
paired sample t-test). As shown by the purple line in Fig. 6(b), only
one subject (subject 2) has a decreased accuracy after the logarithm
transformation.

Based on log(TD) features, the feature space decomposition
approach could significantly improve the accuracy of hand move-
ment recognition from 92.83 ± 4.57% (without GMM  clustering)
to 96.62 ± 1.60% with M = 22 (p = .013, paired sample t-test). As
M = 2, the accuracy achieved by GMM  clustering is 94.37% ± 3.39%,
which is still better than the accuracy obtained without using GMM
clustering with a substantial trend toward significance (p = .012,
paired sample t-test). With the increase of M,  the mean accuracy
across all subjects increases and reaches the peak with M = 22. The
mean accuracy for M > 10 is actually very stable. When M is larger
than 30, the mean accuracy slightly decreases. For subjects with
lower classification accuracies (such as subject 2), GMM  clustering
could greatly improve the accuracy. The accuracy for subject 2 is
improved from 82.31% (without GMM  clustering) to 93.62% (with
GMM clustering M = 25).

By applying GMM  clustering, mSTD is larger than 0.44 for both
TD and log(TD) features with M > 10 (Fig. 5), which implies that the
three hand patterns are easy to be distinguished in clusters. The
of M,  the accuracy with wLDA increases firstly and then slightly



216 G. Huang et al. / Biomedical Signal Processing and Control 44 (2018) 209–220

Fig. 6. The accuracy for the classification of hand grasping-relaxing in both static and dyn
log(MAV), log(WL), ZC and SSC. Eight colored lines denote the accuracies of eight subje
dynamic section, only features log(MAV) and log(WL) are used for GMM clustering.
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ig. 7. Comparison of classification accuracy between using different types of fea-
ures, TD or log(TD), and classifiers, LDA or wLDA, in the classification of hand
elaxing, fisting and grasping.

ecreases. For LDA, the performance decreases firstly and then
ncreases with the growing of M.  log(TD) features do not always
utperform TD features, but they have the same trend with the
ncrease of M.  It should be noted that without the GMM  clustering
M = 1), the number of hand relaxing, fisting and grasping samples
ave equal probabilities, and, thus, the wLDA is the same as LDA.

.3. Proportional control of wrist angular velocity

For proportional control of wrist angular velocity, the results
rom GMM  clustering method with log(TD) features are com-
ared with the results obtained without using GMM  clustering. To
ccount for the interference of hand movement, the comparison is

erformed in two schemes. In Scheme 1 (as seen in Fig. 8), the wrist
ngular velocity in two dimensions are predicted separately dur-
ng hand relaxing, fisting and grasping. The mean R2 values for the
hree types of hand motions are compared in Scheme 1 (as seen in
amic sections. TD features include: MAV, WL,  ZC and SSC; log(TD) features include:
cts. The black bold lines with circles are the averages of the eight subjects. In the

Fig. 8). In Scheme 1 (as seen in Fig. 8), the recognition is performed
on the dataset consisting of all hand motions.

All the results are illustrated in Figs. 8 and 9 and Table 2, and
can be summarized as follows.

1. GMM  clustering based feature space decomposition approach
can substantially improve the recognition accuracy. In Scheme 2
(as seen in Fig. 8), with GMM  clustering, the R2 values are signif-
icantly improved from 0.72 ± 0.05 to 0.84 ± 0.05 with p < 10−6 in
dimension 1 and 0.68 ± 0.03–0.81 ± 0.03 with p < 10−5 in dimen-
sion 2. As the increase of M,  the averaged R2 values with log(TD)
features increase from 0.76 ± 0.05 (M = 2) to 0.84 ± 0.05 (M = 30)
in dimension 1 and 0.72 ± 0.03 (M = 2)–0.82 ± 0.03 (M = 31) in
dimension 2. However, excessive components used in GMM
clustering lower the R2 values to some extent. With a larger
number of M,  the average number of training samples in each
cluster would be small, which leads to the overfitting problem
and makes the recognition results fall down. The results show
the similar trends across all subjects.

2. GMM  clustering based feature space decomposition approach
could greatly alleviate the adverse influence of hand movements
on wrist rotation. As listed in Table 2, the R2 values in Scheme 2
(as seen in Fig. 8) for both TD and log(TD) features are lower than
the corresponding results in Scheme 1 (as seen in Fig. 8). Without
using GMM  clustering method, the difference is significant (TD:
p < 10−6 in dimension 1 and p < 10−5 in dimension 2, log(TD):
p < 10−4 in both two dimensions, paired sample t-test). By using
GMM  clustering in Scheme 2 (as seen in Fig. 8), the performance
with TD features (0.82 ± 0.05 in dimension 1 and 0.79 ± 0.07 in
dimension 2) is similar to the result in Scheme 1 (as seen in Fig. 8)
(0.82 ± 0.05 in dimension 1 and 0.74 ± 0.03 in dimension 2) with
no statistic significant (p = .15 in both dimensions, paired sam-

ple t-test); the performance with log(TD) features (0.84 ± 0.05
in dimension 1 and 0.81 ± 0.03 in dimension 2) is even better
than the result in Scheme 1 (as seen in Fig. 8) (0.82 ± 0.05 in
dimension 1 and 0.75 ± 0.03 in dimension 2) with statistic sig-
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ig. 8. The R2 values for the prediction of angular velocity of wrist rotation in the
L,  ZC and SSC; log(TD) features include: log(MAV), log(WL), ZC and SSC. Eight col

verages of the eight subjects. In Scheme 2 (as seen in Fig. 8), only features log(MAV

nificant (p < 10−3 in dimension 1 and p < 10−4 in dimension 2,
paired sample t-test).

. GMM  clustering based feature space decomposition approach
could make log(TD) features achieve better performance than
TD features. By using GMM  clustering, the R2 values with TD and
log(TD) features in dimension 1 and dimension 2 for different
numbers of mixture components M are compared in Fig. 9. With
the increase of M,  the difference of the performance between

log(TD) features and TD features also increases. The mSTD values
in Fig. 5 suggest that the improved performance of log(TD) fea-
tures over TD features may  be ascribed to the better separation
of three hand motions in each cluster by the GMM  clustering.
imensions in both Schemes 1 and 2 (as seen in Fig. 8). TD features include: MAV,
nes denote the R2 values of eight subjects. The black bold lines with circles are the

 log(WL) are used for GMM  clustering.

3.4. Comparisons of classification and regression methods

To show the effectiveness of our method, we compare linear
classifiers (LDA and wLDA) with nonlinear classifiers (including
Quadratic Discriminant Analysis (QDA), weighted Quadratic Dis-
criminant Analysis (wQDA), MultiLayer Perceptron (MLP), Support
Vector Machine (SVM) and Naïve Bayes (Table 3), all of which are
the common used methods in the hand movement classification.

For wrist movement regression, we  performed three regression
methods: Multivariate Linear Regression (MLR), MLP  and Support
Vector Regression (SVR) (Table 4). All comparison is based on the
log(TD) feature set, and the number of components in GMM  is set
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Table  2
The R2 values of wrist movement recognition with different methods in both Schemes 1 and 2 (as seen in Fig. 8). Numbers in bold indicate the best results for both TD and
log(TD)  features in Dim1 and Dim2.

Comparison feature Scheme 1 Scheme 2 without GMM  clustering Scheme 2 With GMM  clustering(M=20)

Dim1 TD 0.82 ± 0.05 0.71 ± 0.05 0.82 ± 0.05
log(TD) 0.82 ± 0.05 0.72 ± 0.05 

Dim2 TD  0.74 ± 0.03 0.67 ± 0.05 

log(TD) 0.75 ± 0.03 0.68 ± 0.03 
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ig. 9. Performance comparison of different types of features, TD or log(TD) used in
he  dynamic section of wrist movement recognition with GMM  clustering.

o M = 20. For MLP, there is one hidden layer with 10 nodes and the
ctivation function is the sigmoid function. For SVM in hand relax-
ng, fisting and grasping classification, RBF kernel function is used

ith gamma  = 0.5; for SVR in wrist movement regression, linear
ernel function is used. All the parameters are selected correspond-
ng to the optimal results. In Table 3, it can be seen that in the static
ection, QDA (the same as wQDA) achieves better results that other
ethods. For the dynamic section, if feature space decomposition
as not used, nonlinear methods achieved a better performance

han linear methods in both classification and regression problems.
pecifically, MLP  performed better than other methods. After GMM
lustering, linear methods were better than other methods under
est. Specifically, wLDA performed better than LDA and other clas-
ifiers for switch control of hand movements, and MLR  is better
han other regression methods for proportional control of wrist

ovements.
It should be noted that the commonly used blind source sep-
ration (BSS) method for muscle synergies identifying would be
ot applicable for using here. That is because the muscle syner-
ies for hand grasping and relaxing would not be time-invariance
ith the wrist movement, and also more EMG  channels are needed

able 3
he accuracy for the classification of hand grasping-relaxing with LDA, wLDA, QDA, wQD

Condition LDA wLDA QDA 

Static 97.82 97.82 98.40 

Dynamic (no GMM) 92.83 92.83 94.88 

Dynamic (GMM 20) 89.29 96.58 89.17 

able 4
he R2 values of wrist movement recognition with MLR, MLP  and SVR.

Condition M

Dynamic (no GMM) Dim1 0.
Dim2 0.

Dynamic (GMM 20) Dim1 0.
Dim2 0.
0.84 ± 0.05
0.79 ± 0.07
0.81 ± 0.03

to give full play to their advantages of these BSS methods. Some
methods, like PCA, ICA and CSP could not identify hand grasping
and relaxing effectively after blind source separation. Compared
the NMF  methods used in Ref. [6], the MSDSC-2 classifier achieves
the best performance with 89.990% for hand grasping and relaxing
recognition in the dynamic section.

4. Discussion and conclusion

Myoelectric control in upper arm prosthesis trends toward
simultaneous multifunctional control. Detecting and refining the
patterns of the muscle synergies play a crucial role in the success
of the control scheme [36]. In this study, a feature space decompo-
sition approach based on GMM  clustering has been developed for
decoding muscle synergies for switch control of hand relaxing, fist-
ing and grasping and proportional control of the angular velocity of
wrist rotation of upper-limb prosthesis. The novelty of this work is
two-fold: the GMM  clustering based feature space decomposition
approach and the simultaneous hybrid control strategy.

First, the proposed GMM  clustering based feature space decom-
position approach could greatly overcome the common and serious
challenges of muscle synergies during wrist and hand movements.
For hand movement recognition, the mean classification accu-
racy was  significantly increased from 90.10% (with TD features
and without GMM)  to 96.62% (with log(TD) features and with
GMM)  in presence of a full-amplitude wrist rotation, suggesting
that the adverse influence of wrist movements on recognition of
hand movements can be largely reduced by the proposed feature
space decomposition approach. For wrist movement recognition,
the proposed method increased the mean R2 value from 0.71 for
wrist flexion-extension and 0.67 for wrist radial-ulnar deviation
(with TD features and without GMM)  to 0.84 for wrist flexion-
extension and 0.82 for wrist radial-ulnar deviation (with log(TD)
features and with GMM).  The use of GMM  for clustering which is
different from Ref. [22], in which the GMM  is used as a classifier for
the static hand guest. The results demonstrate that feature space
decomposition could greatly eliminate the influence between the

classification of hand motions and the recognition of wrist rota-
tion and achieved better recognition accuracy. The reason is that,
after feature space decomposition by GMM,  each cluster consists
of samples with similar characteristics, so that the complex mus-

A, MLP, SVM and Naïve Bayes.

wQDA MLP  SVM Naïve Bayes

98.40 97.00 96.99 96.93
94.88 96.03 93.42 80.41
89.45 96.36 79.28 90.58

LR MLP  SVR

7173 0.8297 0.7057
6768 0.8067 0.6291
8377 0.8199 0.8350
8143 0.7963 0.8107
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le synergies are simplified greatly. Selection of the number of
lusters M is an important issue in GMM.  Several different clus-
er validity algorithms, such as Silhouettes value [37] and Akaike
riterion [38], could be used to determine the number of com-
onents, M.  Based on our results, we suggest selecting 15–25
lusters in GMM  (M = 15–25) for similar experiments. It should be
oted that Gaussian mixture parameters estimation (�i, �i and ωi

or each cluster) would be time consuming. In the offline 5-fold
ross-validation, Gaussian mixture parameters estimation with the
ample size 40620, feature dimension 24 on one subject will take
ess than 1.5 min  with M = 2, close to 11 min  withM = 20, but almost
4 min  with M = 40 (on the platform of MacBook Pro early 2015,
acOS High Sierra, i5-2.9 GHz, 16G RAM, Matlab 2017b). While the
aussian mixture parameters estimation is only performed in the

raining stage. Once the parameters �i, �i and ωi for each cluster
s obtained, the speed for hand and wrist movement recognition
n the testing stage is very fast. Hence it is available for the online

yoelectric prostheses control.
Second, the hybrid control strategy has realized simultaneous

ecognition of wrist movement and hand grasping, which is more
ntuitive, effective and robust for daily applications. Considering
he functional requirements for user acceptance of sEMG prosthe-
is [5], an ideal prosthesis should hold an object once grasping and
revent slipping, and also be able to provide a directly control of
he velocity of wrist movements. The proposed control strategy can
atisfy the above-mentioned functional requirements: it provide a
obust and reliable control for hand grasping and makes users able
o control the velocity of wrist movement. Hence, the hybrid control
trategy could increase the user acceptance for prosthesis. The high
erformance (an accuracy >96% for recognition of hand relaxing,
sting and grasping and R2 > 0.82 for recognition of wrist rotation)
nd the response time (100 ms)  convincingly show the effective-
ess and promptness of simultaneous multifunctional prosthesis
ontrol.

The present study can be extended in the future from the fol-
owing four aspects.

. To evaluate the feasibility of the proposed feature space decom-
position approach and the simultaneous hybrid control strategy,
only the simplest hand relaxing, fisting and grasping and wrist
rotation in x-and y-axis are considered in this study. More types
of hand and wrist motions, such as wrist supination and prona-
tion, can be considered in future study. However, the hand and
wrist motions are not independent: in some wrist angles, the
hand motion could not be performed, and vice versa. Normally,
more types of hand and wrist motions would decrease the classi-
fication accuracy. But it is still not clear whether wrist supination
and pronation would lead to a more serious problem of muscle
synergies and to what extent the hand recognition performance
would be influenced by wrist supination and pronation or other
wrist movements.

. The performance of the proposed sEMG pattern recognition
approach may  be enhanced by increasing the response time (i.e.,
the length of analysis window for extracting sEMG features). A
longer analysis window could provide a more accurate and sta-
ble estimate of sEMG feature and thus a higher performance, at
the expense of a longer delay. Hudgins et al. stated that delays
as long as 300 ms  were not perceivable by users [4] and were
not acceptable for prosthesis control. The window length used
in this study is 100 ms,  and it could be enlarged (up to 300 ms)
for a better recognition performance, especially when there are
more complex motions to be recognized.
. In the pilot study for this experiment, we found one EMG  sen-
sor was not contacted well for around 10 s in our recording for
two times, which will lead to a strong artifact. Normally, it will
affect the recognition results seriously and the corresponding

[

ing and Control 44 (2018) 209–220 219

samples should be excluded from the training dataset. How-
ever, with the proposed GMM  clustering based feature space
decomposition approach, the samples with the artifact will be
automatically separated into some special clusters, which alle-
viates the influence of the bad data for the recognition greatly.
It will be interesting to explore how the clustering methods
increase the robustness of the system against the influence of
artifact in future.

4. It should also be pointed out that the goniometer was used in the
experiment to record the velocity of wrist movements, which
is unable to be used on amputees directly. Mirrored bilateral
training [11,40] is an alternative approach to avoid this prob-
lem, in which the goniometer could be placed on wrist of the
contralateral (mirrored) hand.
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