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Abstract— In a recent past, several techniques have been
developed to analyze the effect of electrode grid alignment with
the muscle fibers. But, they focused on pattern matching of
Motor Unit (MU) electrical signatures and not on the
interference signal. In this study, we use a method which is
widely applied in connectivity and directionality analysis of
stochastic and complex signals, namely, the nonlinear
correlation coefficient (h*) on HD-sEMG signal matrices. The
approach is first applied on simulated data from recent
generation model through an (8x8) simulated electrode matrix,
then on real signals using the same grid specifications on the
Biceps Brachii. Both simulated and real data were evaluated
with three angles of grid alignment with respect to muscle fibers.
For this purpose, five parameters were extracted from obtained
h? correlation matrices and tested. According to the obtained
results, a relationship between h? values and the electrode matrix
alignment seems to exist. However, further efforts are needed to
design parameters more sensitive to grid misalignment with
respect to muscle fibers.

Keywords— Electrode alignment, non linear correlation
coefficient, HD-sEMG grid, Biceps Brachii.

L INTRODUCTION

Several factors may affect the variability of surface
electromyographic signals (SEMG) such as: the duration and
intensity of muscle contraction, the distance of the electrode
from the active muscle area, the properties of electrodes,
filters, amplifiers and data acquisition system, the quality of
contact between the electrodes and the skin in addition to the
electrode alignment with muscle fiber [1,2].

Classical recording techniques fall to analyze correctly the
muscle activation due to their poor spatial resolution [1].
Recently, multichannel approaches with high number of
electrodes were applied [1]. Indeed, the High-Density surface
EMG (HD-sEMG) is a non-invasive technique that measures
electrical muscle activity with multiple closely spaced
electrodes overlying a restricted area of the skin [1].
Unfortunately, such instrumental method is very sensitive to
misalignment of the electrode grid according to muscle fibers
since all the electrodes should record biased signals.
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To guaranty good representativeness of the recorded signals,
the longitudinal direction of the grid should be parallel to the
muscle fibers in order to align the electrodes to the action
potential propagation line [2]. Often, the grid has been simply
oriented in line with the longitudinal axis of the muscle belly.
For pennated muscles, this becomes more complex [3]. A
precise grid alignment with respect to muscle fiber direction
is often mandatory for further processing tasks as shape
analysis of HD-sEMG data [4], [5] and muscle force
estimation [6].

Some automatic realignment approaches have been already
proposed on MU fingerprints using HD-sEMG techniques [7]
[8]. This induces the study, at low muscle contraction levels,
of isolated MUAP topographies. To our knowledge, there is
no study that concerns electrode grid alignment using HD-
SEMG recordings at higher contraction levels and analyzing
interference signals. Nonlinear correlation coefficient (h?) is
a widely used approach to evaluate connectivity and
directionality analysis of bidimensional complex and
stochastic data. It has proven it usefulness in separating
preterm uterine SEMG signals from labor ones [9]. We
propose to apply this approach, by supposing that grid
misalignment with respect to muscle fibers should affect h?
values, for assessing misalignment effect on HD-sEMG grid
applied on the Biceps Brachii muscle.

In fact, the aim of the proposed study is to find, as a first step,
some parameters, estimated from obtained h? correlation
matrix and calculated with different grid angles that are
sensitive to the electrode grid misalignment with respect to
muscle fibers. This parameter will be extracted and tested
using simulated and real HD-sEMG data.

For this purpose, we used simulated and real HD-sEMG
signals obtained through a 64 electrode grid (8x8) for 3 grid
angle values (0, 20 and 40°) during isometric and isotonic
contractions of the Biceps Brachii muscle. Thus, five
parameters, using nonlinear correlation, are proposed and
tested on both simulated and real signals. Finally, the obtained



results are compared and discussed putting the focus on
perspectives of the proposed work.

II. MATERIALS AND METHODS

A. Data
1. HD-sEMG model

The model that we used to generate the 64 signals has been
described in details in [1, 10]. Briefly, this model has been
designed to simulate the signal captured by a single electrode.

TABLE 1. Motor Unit (MU) parameters

MU Number MU Number of Fiber
Type of MU’s diameter fibers/MU | diameter
(mm) (um)

S 40 5+1 100+10 45+5
FR 10 5.5+1 150+15 50+5
FIN 10 6+1 200+20 55+5
FF 40 6.5+1 250425 60+5

S(Slow fatigable),FR (Fast Resistant), FIN Fast Intermediate,
and FF(Fast Fatigable) MU types

However, in our study we used it to generate HD-sEMG
signals (with a distance of 15mm between the left side of the
grid and the neuromuscular junction) by applying
parallelization techniques and using a high performance
computer. This model is composed of different blocks (neural
drive, electrical  propagation, conductor  volume,
instrumentation, force) using the formalism of [10]. Model
setting values used for constructing our database are reported
in Table I concerning the MU repartition. The other
parameters are set as in [5] by only adjusting the MU number
to 100. This model represents one biceps muscle composed
of 100 MUs disposed in a rectangular territory of 4 cm in
largeness and 2 cm in depth. Fast MUs are preferentially
disposed near the surface and slow ones deeper in the muscle
tissue. All the MUs are recruited during simulation. After, the
angle effect is simulated by changing the electrode positions
of the grid according to the corresponding rotation using polar
coordinates. Both simulated and experimental grid are
composed of 64 electrodes (1.6 mm in diameter and spaced by
4 mm) as depicted on Fig.1.

2. Real Signals

The method used here is “bivariate” in that we used all the
combination between the 64 monopolar channels of a 8x8
recording electrodes matrix (TMSI REFA 132, Netherland)
located on Biceps Brachii. The signals were recorded at
BMBI lab. (UTC) on 3 young subjects with 3 measurements
during isometric contractions (elbow flexed at 90°) at 50%
MVC and using a grid aligned with 0, 20 and 40° according
to the longitudinal axis of the muscle. Signals are digitized
with a sampling frequency of 2 kHz.

B.  Method
Nonlinear correlation Coefficient (h’)

The underlying idea is that if the value of X is considered
as a function of the value of Y, the value of Y given X can be

predicted according to a nonlinear regression curve [9, 11].
The nonlinear correlation coefficient between signals X and ¥
is then calculated as follows (for more details see [12] :

DY =X (R (X))
LY (k)

where f (X)) is the linear piecewise approximation of the
nonlinear regression curve. The estimator A’yx ranges from 0
(Y is independent of X) to 1 (Y is fully determined by X). For
a nonlinear relationship, 4%y, # h’,x and the difference Ah? =
h’yy - W%y indicates the degree of asymmetry of the nonlinear
coupling.

By = (1

C. Parameters

Five parameters, estimated from h? correlation matrix,
were implemented and extracted after intensive inspection of
simulated and real Biceps Brachii signals during a specified
maximum isometric isotonic voluntary contraction at 50%
MVC.
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Fig.1. Parameter description. (a) Parameter 1:
correlation matrix, Parameter 2: h> mean for last 16 rows. (b), Parameter 3:
h? mean for two near electrodes in the 1st column, Parameter 4: h?> mean for
two near electrodes in the Ist row, Parameter 5: h? mean for two near
electrodes on the diagonal.

h? mean for first row in

In Fig. 1, the h?> mean of the first row in correlation matrix
reflects the mean of all electrodes correlation with only the
first electrode (parameter 1 in Fig. 1.a). Indeed, it is supposed
that this parameter should change according to grid rotation
angle. In addition, by visual inspection, we have also noticed
variation in the matrix elements with different angles for the
last 16 rows defining the parameter 2 (parameter 2 in Fig. 1.a)
which represents the mean of all electrodes correlation with
the last sixteen electrodes. In addition, the h> mean of couples
of neighbor electrodes in the first column (parameter 3 in Fig.
1.b) represents the parameter 3. The same process is done on
the first row defining the parameter 4 as depicted on Fig. 1.b.



Finally, we defined the parameter 5 as the h> mean for the
electrodes on the diagonal (parameter 5 in Fig. 1.b) after
measuring the nonlinear coefficient between two neighbor
electrodes located on this diagonal. This parameter design is
motivated by the attempt to express observed differences
between h? matrices at different angles with the higher
dynamic allowing an efficient discrimination.

I1I. RESULTS

A. Results on simulated signals

We try here to test the sensitivity of the implemented
parameters with varying grid alignment. So, we calculated
them on obtained h?> matrices from simulated HD-sEMG
signals generated by the model cited above with grid
alignment (rotation according to the grid center) fixed to 0°,
20° and 40° respectively.

(©
Fig.2. h? nonlinear correlation matrices obtained from simulated HD- sSEMG
signals at (a) 0°, (b) 20° and (c) 40° of grid misalignment (rotation).

Parameters are extracted from h? correlation matrices
depicted on Fig. 2 as colored images for each angle value after
thresholding in order to remove the least significant couplings
between channels and to increase figure readability. We can
observe small differences between the three nonlinear
correlation coefficient images. The obtained results for the 5
proposed parameters extracted from h? correlation matrices
are exposed on Fig. 3.

One can observe the poor dynamic of the parameters 3, 4, and
5 that not allows discriminating the three angle values. The
parameter 1 and 2 are more sensitive and the obtained trends
are monotonically decreasing despite also a small dynamic.
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Fig.3. Evolution of h> mean of all parameters estimated on simulated data in
function of grid rotation angle.

B.  Results on real signals

We repeated the same procedure for obtaining the
parameters from the h? correlation matrices of real HD-sEMG
Biceps Brachii signals recorded from subjects with the same
angle of simulated signals (0°, 20° and 40° of grid rotation).
In Fig. 4, the obtained colored images are represented after
nonlinear coefficient thresholding as for the simulated data.

(©)
Fig.4. h? nonlinear correlation matrix obtained from the Biceps Brachii HD-
SEMG recorded from subject 1 at (a) 0 degree, (b) 20 degree and (c) 40
degree.

In this figure and in contrary to Fig.2, one can clearly observe
modification of the image according to the grid rotation angle.
Furthermore, in Fig. 5 are depicted the mean of each
parameter according to subject for each angle value. In fact,
the parameter 1 decreased monotonically with interesting
dynamic as found also in the simulation study. The parameter
4 seems also to be sensitive to the grid alignment but in a non
monotonic manner with firstly a net decrease from 0° to 20°
following by an increase toward 40°. It can be note that this
parameter exhibits an important range of variation. Finally,
the parameters 2 and 5 exhibit no clear trend and parameter 3
seems to be not sensitive at all to grid angle variation as
observed in simulation. However, it is important to note that
almost all parameters seem to reach their respective maximal
value at 0° (a grid aligned in the longitudinal direction with
respect to the muscle fibers).
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Fig.5. Averaged evolution from the 3 subjects of the 5 parameters estimated
on real HD-sEMG signals in function of grid rotation angle.



IV.  DISCUSSION AND CONCLUSIONS

This exploratory study has the principal objective of
evaluating the ability widely known nonlinear method (4°) to
detect possible misalignment of an electrode grid with respect
to muscle fibers. Firstly, after recalling the mathematical
formalism, the method was tested on simulated HD-sEMG
signal matrices, generated by a planar HD-sEMG model. For
this purpose, five parameters were constructed, after intensive
inspection of the obtained nonlinear correlation coefficient
matrices, and tested on these simulated data for three grid
rotation angles. It appears that some of these parameters are
more sensitive to grid rotation angle than other. This
sensitivity seems to be linked to spatial information contained
in these matrices. Then, the proposed parameters were
experimentally evaluated on HD-sEMG signals obtained
from isometric contractions at 50 % MVC and by varying the
grid rotation angle by the same values as for the simulation.
On the observed nonlinear correlation coefficient matrices,
after visual inspection, we observed an increasingly spreading
of connectivity between electrodes when alignment degree
increases. This seems to be correct since with increasing grid
rotation angle, relationship (dependence) between electrodes
that belong to different rows increases. However, this
observation is not present on the simulated matrices due to the
simulations hypotheses (MU number and volume
configuration). Further studies are needed to deeply
investigate this hypothesis using experimentation and more
realistic modelling. Concerning the behavior of the 5
proposed parameters, we can observe promising monotonic
trends (similar to simulation results) with maximum values at
0° (grid supposed to be well aligned) of some of them
according to grid rotation angle. These observations should be
confirmed in future works. As perspective, we look forward
to applying the methodology described above on a large
number of real subjects and with more angles (clockwise and
counter clockwise angle variation) to develop an approach
that detects the best alignment of the grid according to muscle
fibers using nonlinear correlation method.
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