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ABSTRACT 
 
In this study, a novel method for estimating wrist forces 
from surface electromyogram (EMG) measured from the 
upper limb is proposed, which can be applied for unilater-
al transradial amputees. Three degrees of freedom (DoFs) 
of wrist including flexion-extension, abduction-adduction, 
and pronation-supination were used. We first classify 
feature vectors extracted from the EMG signals into three 
classes namely positive output, negative output and dead 
zone output, using a multiple kernel learning (MKL) algo-
rithm. Then for each DoF and each class, a neural network 
was trained to associate EMG features to their correspond-
ing force outputs. We will show that this classification 
prior to regression plays an important role in increasing 
the performance of force estimation. The accuracy of 
estimation ranges from 90% to 94% ( 2R  index) in 8 able-
bodied subjects, which is proved to be significantly higher 
(p<0.05) than that of the previous works.  
 

Index Terms— Electromyography (EMG), multiple 
kernel learning (MKL), artificial neural network (ANN), 
prosthetic control 
 

1. INTRODUCTION 
 
Myoelectric control has been the subject of a significant 
body of research in the last three decades. Researchers 
have been trying to develop prostheses which are intui-
tively controlled, i.e. the will of the amputee closely re-
sembles the produced movement. This is achievable by 
exploiting electromyographic (EMG) signals measured at 
the end of the amputated limb. These signals are in fact 
electrical messages from the brain which pass through the 
neurons to reach the muscles and produce contractions 
[1]. Therefore, one may estimate the contractions based on 
the corresponding EMG signals [2]. 
This approach can be used to control prostheses and is 
referred to as myoelectric control. 
There exists a significant literature based on EMG classi-
fication techniques  e.g. [3-6]. These methods classify 
EMG features into a set of predefined corresponding mo-
tions (classes).  
However classification based methods, provide a sequen-
tial on-off control which will make the prosthetic limb’s 

movement less intuitive. To address this problem, recent 
work has proposed methods to incorporate simultaneous 
control of multiple degrees of freedom (DoFs) [7] instead 
of sequential control or proportional control instead of on-
off control [8]. However a viable estimation method 
which would be both simultaneous and proportional is yet 
to be developed.  
One of the major recent challenges is to develop a simul-
taneous proportional estimation method which provides 
intuitive control. Jiang et al. [9] have proposed an estima-
tion method based on nonnegative matrix factorization 
(NMF) that doesn’t need force data for training and can be 
used for bilateral amputees. But this method gives poor 
performance in presence of pronation-supination. Nielsen 
et al. [10] suggest mirrored bilateral training method 
based on the association between the surface EMG from 
one limb and force from the contralateral limb. This train-
ing strategy can be practically applied in unilateral ampu-
tees. This method again suffers from a decrease in per-
formance as more DoFs especially supination-pronation 
are used simultaneously. Mucelli et al. [11] try to tackle 
this problem by using high density EMG channels. The 
results of this study shows that the performance for the 
supination- pronation DoF is influenced by the reduction 
in number of EMG channels to a greater extent than the 
other DoFs. Kamavuako et al. [12] test bilateral training 
on intramuscular EMG. 
In the current study, we propose a new method for simul-
taneous and proportional control of the three DoFs of the 
wrist including the most challenging supination-pronation. 
This method improved the force estimation from EMG by 
means of using a novel structure for the algorithm. The 
organization of this paper is as follows: we briefly sum-
marize the method introduced in [10] for mirrored bilater-
al training in section 2. Section 3 introduces the reader to 
the setup used in the experiments. The proposed method is 
described in section 4. Section 5 represents the simulation 
results.  Section 6 states our conclusion. 
 

2. BACKGROUND 
 
In this section we briefly describe the main protocol for 
mirrored bilateral training employed by Nielsen et al. [10]. 
The block diagram of this method is depicted in Fig. 1. In 
the training phase, a multilayer perceptron (MLP) neural 
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network (used as regression tools) for each DoF learns the 
association between EMG signals measured on the left 
hand and the force signal of the contralateral (right) hand. 
The input to all 3 networks is a vector of features ex-
tracted from EMG channels. The output of MLP for each 
DoF is the force in that DoF (each MLP is trained for one 
DoF). the window length is typically chosen in the range 
of 100-250ms. To reduce the processing time we can use 
non-overlapping windows or windows with a small over-
lap. In this way we also have to downsample the force 
data. This is depicted in Fig. 2. 
During the testing phase the trained neural networks are 
used to estimate force in each DoF based on the EMG 
feature set of the opposite limb. In order to measure the 
performance of estimation method we use the ܴଶ metric, 
which has been previously shown to be an effective per-
formance measure. The global ܴଶ is defined as follows: 
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Where D is the number of force sequences (same as the 
number of DoFs), N is the number of force samples, ௜݂ሾ݊ሿ 
is the ith force sequence, and ప݂෡ሾ݊ሿ is the estimated value 
of the ith force sequence. ప݂ሾ݊ሿതതതതതത is the mean of ith force 
sequence over n. Similarly ܴ௜ଶ for individual DoFs can be 
defined as: 
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Closer values to 1 indicate better performances. Mean 
performance could be calculated using a cross validation 
procedure. 
Selection of a good feature set is vital in achieving good 
performance. Many recent works have addressed this 
issue e.g. [13]. 
Training and testing sets are comprised of various record-
ed articulations, including contractions of single and com-
bined DoFs. Estimating the force sequences when all of 

the DoFs are used simultaneously, is the most challenging 
part of this problem. 
 

3. EXPERIMENTAL SETUP 
 
The three DoFs of the wrist; flexion-extension, abduction-
adduction and pronation-supination, were investigated. 
Eight bipolar surface electrodes were attached to each 
arm, equally spaced around the circumference of the fo-
rearm. The electrodes were placed at approximately one-
third of the forearm length, measured from the olecranon 
of ulna. The EMG data were sampled at 1 KHz using a 12 
bit A/D converter.  
Subjects sat in a chair, with arms secured to armrests. 
Their hands were fixed in a neutral position with palms 
facing inward using two vertical handles attached to a 
steel frame mounted in front of the chair. A commercially 
available 3-axis force/torque transducer (Gamma FT-130-
10, ATI Industries) was mounted between the left handle 
and the steel frame, so that the x-axis corresponded to 
flexion-extension, y-axis to abduction-adduction and z-
axis to pronation-supination. The force data were recorded 
at 1 KHz using a 12 bit A/D converter. 

 
4. PROPOSED METHOD 

 
4.1. Motivation 
 
If we take a closer look at EMG and force signals, we’ll 
see that when only one DoF is stimulated, some of EMG 
channels undergo a visible change and some of them re-
main almost unchanged. As can be seen in figure 3 the 
direction of DoF movement determines which channels 
have changed. This is quite natural, because for perform-
ing two opposite direction movements of each DoF (e.g. 
flexion and extension), different muscles are contracted, 
and these contractions won’t occur simultaneously. 
The described patterns shown in Fig. 3, brings this idea to 
the mind that we can first classify training data, and then 

Fig. 2.  Windowing the EMG signals. Each L  (here 200) 
milliseconds of EMG signals in different channels is used to 

estimate one sample of each DoF’s force at the end of the 
window. Three non-overlapping windows are shown in 

different colors. 

 
Fig. 1.  Mirrored bilateral training algorithm for each DoF 

(Nielsen et al. [10]) 
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use a neural network as regression to
separately. 
We will show that this simple idea can
mation performance. 
 
4.2. Algorithm 
 
The block diagram of the algorithm is
The blocks are explained in the next sub
 
4.2.1. Plane division 
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sume that we are given a set of N training samples ሼሺܠ௜, -is the D-dimensional input feature vec ܠ ௜ሻሽ whereݕ
tor and ݕ௜ א ሼെ1,൅1ሽ is its corresponding label. SVM 
finds the linear discriminant function with the maximum 
margin in the feature space induced by the mapping func-
tion : D SΦ →R R  . A discriminant function of the 
form 
 ( ) , ( )f b= Φ +x w x   (3) 

is assumed, where w is the weight vector and b is a con-
stant. SVM finds the optimal discriminant function by 
solving an optimization problem [15]. 
The resulting discriminant function is of the form: 

 
1
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where α is a vector of dual variables calculated during 
optimization procedure and  : D Dk × →R R R  is a 
kernel function. Instead of using a single kernel function, 
MKL algorithms use a weighted sum of kernels, in which 
the weight vector is optimized during training. The mixed 
kernel function can be written as: 
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where the combination function f
η

 can be a linear or a 

nonlinear function. Kernel functions take P feature repre-
sentations (not necessarily different) of data instances: 

1
{ }m P

i i m
x == x  where mD

i
x ∈ R  and 

m
D  is the di-

mensionality of the corresponding feature representation.  
Several learning methods for determining the kernel com-
bination function. For a comprehensive comparison of 
these methods the reader can refer to [15]. 
 
4.2.3. Multiclass classification 
 
There are three classes at the output of each classifier. So 
it’s important to choose a proper binary classifier exten-
sion to match to the problem. We’ve tested one vs. one 
and one vs. all methods. One vs. one produces better re-
sults. 
 
4.2.4. Feature selection 
 
We have investigated the best choice for the feature set 
using forward selection. The following features have been 
chosen (the dimensionality of each feature subset is indi-
cated in curly brackets); 1)The mean absolute value 
(MAV) feature used in [3] {8}, 2) Slope sign changes 
used in [3] {8}, 3) Waveform length used in [3] {8}, 4) 
Mean frequency used in [13] {8}, 5) Willison amplitude 
with threshold set to 0.025 used by [13] {8}, and 6) AR 
model parameters used by [3,13] {16}. Using AR model 
of an order greater than 2 decreased the performance in 
our experiments. 
 
4.2.5 Feature grouping: 
 

The main advantage of MKL techniques is that these 
methods can account for different sources features are 
coming from. The type of kernel, and its parameters for 
each arbitrary subset of features is chosen by the user. We 
have investigated the best grouping of the features and it 
has been found to be grouping of each of the aforemen-
tioned feature subsets separately. Putting all time domain 
features and all frequency domain features in two separate 
subsets gave lower performances. 
 
4.2.6. MKL Parameters selection: 
 
For each of 6 feature subsets, we’ve used an RBF kernel 
function. The typical value for RBF gamma parameters is 
set to be 4. The typical value for cost parameter C is 6. 
These parameters have also been optimized for each sub-
ject. The performance using the typical values and the 
optimized values has been measured. 
 
4.2.7. MKL Classifier type selection: 
 
As mentioned before, many MKL Classifiers have been 
proposed in recent years. We have investigated the use of 
different classifiers mentioned in [15] on the performance 
metric. The best results achieved by using SimpleMKL 
method [16]. 
 

5. SIMULATION RESULTS 
 
We have simulated the method in [10] and our proposed 
method using MATLAB. There were 14 trials listed in 
Table 1. 80% of the data from each trial have been used 
for training and the remaining 20% for testing in each fold 
of a five fold cross validation procedure. In each case 
ANNs were trained 15 times with different initial weights, 
and the ones with the best performance were chosen. 
Results from the simulation are plotted in figure 7. As can 
be seen, our proposed method outperforms the method in 
[10], for both typical and optimized parameters. In addi-
tion, a one way ANOVA test followed by a post-hoc Tu-
key-Kramer test was performed to ensure the significance 
of the improvement. The test indicated that performance 

 Type of contraction 
1 Abduction 
2 Abduction-Pronation 
3 Abduction-Supination 
4 Adduction 
5 Adduction-Pronation 
6 Adduction-Supination 
7 Extension 
8 Extension-Pronation 
9 Extension-Supination 

10 Flexion 
11 Flexion-Pronation 
12 Flexion-Supination 
13 Pronation 
14 Supination 

Table 1.  Types of contractions  
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of the proposed method with optimized parameters is 
significantly higher ( 0.05p <  ) than that of [10]. 
Furthermore this improvement is mainly due to a signifi-
cant increase in performance metric of the weakest DoF 
(pronation-supination), up to 4.5% for some of the sub-
jects. 
 

6. CONCLUSION 
 
This study proposed a method based on both classification 
and regression to improve the performance of force esti-
mation in multiple degrees of freedom. While most of the 
efforts in the literature are focused on improving the clas-
sification or regression performance by adding new fea-
tures or making physical changes to the setup,   our results 
show that it is possible to further improve the performance 
just by means of using a new configuration for processing. 
There are some patterns in the EMG signals which might 
not be fully exploited just by extracting more features. 
Instead, we have first classified these useful patterns into 
classes and then used a separate neural network for each 
class as a regression tool. This configuration produced 
significantly better results. 
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