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Abstract.

BACKGROUND: The relationship between surface electromyography (EMG) and force have been the subject of ongoing
investigations and remain a subject of controversy. Even under static conditions, the relationships at different sensor placement
locations in the biceps brachii (BB) muscle are complex.

OBJECTIVE: The aim of this study was to compare the activity and relationship between surface EMG and static force from
the BB muscle in terms of three sensor placement locations.

METHODS: Twenty-one right hand dominant male subjects (age 25.3 &+ 1.2 years) participated in the study. Surface EMG
signals were detected from the subject’s right BB muscle. The muscle activation during force was determined as the root
mean square (RMS) electromyographic signal normalized to the peak RMS EMG signal of isometric contraction for 10 s. The
statistical analysis included linear regression to examine the relationship between EMG amplitude and force of contraction [40—
100% of maximal voluntary contraction (MVC)], repeated measures ANOVA to assess differences among the sensor placement
locations, and coefficient of variation (CoV) for muscle activity variation.

RESULTS: The results demonstrated that when the sensor was placed on the muscle belly, the linear slope coefficient was
significantly greater for EMG versus force testing (r> = 0.62, P < 0.05) than when placed on the lower part (> = 0.31, P >
0.05) and upper part of the muscle belly (r> = 0.29, P < 0.05). In addition, the EMG signal activity on the muscle belly had
less variability than the upper and lower parts (8.55% vs. 15.12% and 12.86%, respectively).

CONCLUSION: These findings indicate the importance of applying the surface EMG sensor at the appropriate locations
that follow muscle fiber orientation of the BB muscle during static contraction. As a result, EMG signals of three different
placements may help to understand the difference in the amplitude of the signals due to placement.
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1. Introduction

The analysis of the electromyographic (EMG) signals generated by living individuals is an established
area of research that was first initiated by Francesco in 1666 [1]. Surface EMG has since been used as a
non-invasive technique to assess muscle function and is usually defined as a measure of muscle activation
that focuses the algebraic summation of muscle action potentials passing under the recording electrodes
or sensors [2,3]. In general, EMG signals are detected and recorded by placing the minimum number of
single-channel connected sensors over the skin with a negative-positive conductor. A number of studies
on EMG have been published, and researchers have demonstrated that the amplitude and frequency
components of surface EMG are observably influenced by the sensor conditions, such as the diameter
of the surface electrodes, the inter-electrode distance, the relative position of the bipolar electrode to the
muscle belly, and the angle of the sensors to the direction of the muscle fibers [4-6].

Most research of surface EMG to date has been restricted to the BB muscle belly; however, a detailed
understanding of the exact signal characteristics of other parts of the BB muscle is essential. For example,
limited information is available on the lower part of the muscle belly, which is located between the BB
muscle endplate region and the distal tendon insertion, and over the medial belly of each head (long
and short head), which is parallel to the muscle fibers and below the proximal tendon [7,8], because
EMG exhibits stochastic features during movement. However, great care is usually taken when placing
the sensors to avoid the innervations zone (the location where the nerve terminals and muscle fibers are
connected) and the tendons (end of muscle fiber) [9,10]. Some reports in the literature have discussed
EMG activity in terms of sensor placement locations on BB muscle (except muscle belly) [11-13]. The
EMG activity in these sensor placement areas was then measured using different analysis techniques and
protocols.

Regression analysis is an important diagnostic criterion for examining the relationship between EMG
amplitude and force under various sensor placement locations on the BB muscle during contraction [14].
The relationship between EMG activity and muscle tension is affected by multiple factors, such as sen-
sor placement, anthropometric parameters, body movement and so on [15]. Moreover, the relationship
between EMG and muscle activation remains unpredictable during contraction and at different locations
on the muscle [16]. A number of studies have used regression analysis to determine the relationship and
accuracy of the prediction between EMG and force. For example, Rantalainen et al. examined the EMG-
force/torque relationship from the BB muscle. The authors found that the disruption of the physiological
signal (EMG) caused by the innervations zones changed the reliability of the EMG-force relationship at
a single bipolar channel level [17]. Doheny et al. examined the effects of joint angle on the relationship
between EMG amplitude and median frequency and force in the BB, brachioradialis, and triceps brachii
muscles. Based on that study, it was recommended that force should be normalized with respect to its
maximum value at each angle when using surface EMG to estimate muscle excitation [18].

But, as whole, it is not clear how sensor placement at different locations affects the relationship be-
tween surface EMG and force on the BB muscle of the upper limb during static contraction. Thus, this
study was designed to assess the following: (i) is the EMG (%MVC)-force relationship better in the
muscle belly than the other two locations, and (ii) can the muscle belly generate maximum signals and
show less signal variability than the other two sensor placement locations during static contraction. The
rationale for our hypothesis is that previous studies identified muscle spindles (sensory receptors within
the belly of a muscle that mainly identify the changes in the muscle length) within this area and embed-
ded in extra fusal muscle fibers [19,20]. As a result, when the muscle is contracted, this area is able to
recruit maximum motor units. Thus, the manuscript concerns the placement of EMG electrodes on the
brachial biceps muscle, which would be optimal with respect to the EMG-force relationship.
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Fig. 1. Three sensor placement sites on the biceps brachii muscle. (Colours are visible in the online version of the article; http://
dx.doi.org/10.3233/THC-140842)

2. Methods
2.1. Subjects and procedures

Twenty-one healthy male subjects (age 25.3 4+ 1.2 years, weight 68 + 2.1 kg and height 166.7 +
3.6 cm; mean + SD, respectively) participated in the study. None of the subjects had a history of mus-
culoskeletal pain or injury in their dominant arm (right) or BB muscle. All subjects provided informed
and written consent prior to the beginning of the experiment and completed a questionnaire describing
their pretest health condition. All experimental procedures conformed to the Declaration of Helsinki and
were approved by the Human Research Ethics Committee at the University.

Subjects were comfortably seated in a specially designed test chair (fixed in position by a belt) with
the right elbow on a padded support and the elbow joint at a right angle. The subject performed static
contraction using a digital hand grip dynamometer (Camry, China). An initial adjustment period allowed
the subject to perform static contractions with the hand dynamometer. The main task was to apply an
upward-directed force with the wrist using the elbow flexor muscles, primarily the BB muscle. The
angle of the elbow joint during data recording was 90°. This angle measurement was from the shoulder
to elbow and the elbow to palm, and was calculated by a digital inclinometer. The exerted force (kg)
by the subject was visible on the dynamometer. EMG was recorded for three force levels; 16, 20, and
25 kg. To determine the generated maximal voluntary contraction (MVC) force, subjects were asked to
enhance the force to maximum at a constant rate over 10 s and to hold the maximum force for a period of
10 s. Signals were recorded from each subject three times (three trials) for each force from each sensor
location with a 5 min interval between the trials.

2.2. Data collection

A wireless Shimmer™sensor (Real-time Technologies Ltd., Ireland) was used to record the signal
[EMG activity in microvolts (mV)]. The two inputs (negative and positive) were used for the EMG
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recording and a third was used as the reference channel. Three silver-silver chloride (Ag-AgCL) surface
electrodes were used to record EMG signals from the muscle. The entire protocol was designed to
minimize movement artifact and make sure a tolerable level of electrode impedance (inter-electrode
impedance was less than 2000 €2). Three sensor placement locations were chosen to evaluate the EMG
variability: over the muscle belly (‘M’); the lower part of the muscle belly (‘L’) (i.e., between the BB
muscle endplate region and the distal tendon insertion); and the medial belly of each long and short head
(‘U’) (.e., parallel to the muscle fibers and below the proximal BB tendon) [7,8]. The belly of the BB
muscle was recognized by manual palpation. The distance between the centers of the sensors located at
‘U’ (upper) and ‘M’ (middle) and between the sensors at ‘M’ and ‘L’ (lower) was 4 cm; the distance
between the center of the sensors at ‘U’ and ‘L’ was 8 cm, with 2 cm between each pair (Fig. 1). The
reference electrode was attached to the lateral epicondyle of the humerus of the right arm (approximately
1 inch on the olecranon of the elbow). However, excessive care was taken when placing the sensors to
avoid the innervations zone and tendons (end of muscle fiber), because the length of this part of BB is
relatively shorter than other muscles [9,10]. Figure 1 depicts the three sensor placement areas on the BB
muscle.

2.3. Data analysis

The raw EMG signals were recorded at a sampling rate of 1 KHz before their A-D conversion and
stored on a compatible computer. The fourth-order bandpass Butterworth filter was used to remove any
skin movement artifacts as well as high frequency noises (cutoff frequency between 10 to 500 Hz). The
recorded digitized EMG data sets were processed offline by filtering, windowing, and extracting signal.
Signal processing was performed with Matlab (MathWorks, USA) software.

A normalization procedure was used to analyze the EMG amplitude. Thus, all data were normalized
in terms of the root mean square (RMS) values (i.e., the individual RMS values of the tests during the
contraction were taken as 100% MVC). The filtered EMG activity was normalized within each subject
by dividing the observed EMG value for BB muscle by the maximum value recorded during the three
maximal tests. The mean (RMS) normalized EMG activity was then calculated as the mean of the sum
of the normalized EMG percentages from all subjects in each sensor location. The EMG associated with
100% MVC was designated as 100% and fractions thereof. The maximum peak-to-peak value of the
EMG was considered as a relative measure of motor activity (the positive portion of the peak is defined
as the peak-maximum). It should be noted that this normalization procedure only presents information
of the level of muscle activity with regard to this peak value (i.e., shape of the EMG pattern).

2.4. Statistics

Statistical analysis was performed using Minitab™ software (version 13.32). Significant differences
in three sensor placement locations between the force and EMG amplitudes (RMS) were detected using
repeated measures with analysis of variance (ANOVA), and post-hoc tests were applied to test differ-
ences with the significance level set at « = 0.05, 95% (P < 0.05) confidence intervals for all variables.
EMG signal steadiness or muscle activity variation was characterized by the coefficient of variation (i.e.,
the ratio of their standard deviations divided by their means, coefficient of variation (CoV) = o /). Lin-
ear regression (r?) analysis was used to analyze the relationship between force and the EMG variables.
In addition, the null hypothesis of linearity of each regression was tested using the F-test. Finally, each
individual data set from the trial was calculated to fit with a linear regression line in the logarithmic
curve fitting form of y = a + bx.
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Table 1
Analysis of average EMG RMS (mV) values from three sensor locations from corresponding forces
SPL NEA (mean + SD) Total (mean 4 SD) CoV (%) r? F-ration
Force 16 kg Force 20 kg Force 25 kg
‘T 3.43 £0.59 2.47 £ 0.36 3.67£0.25 3.19£0.41 12.86 0.31 0.62
‘M’ 3.15+£ 046 3.79+£0.34 4.26 £0.21 3.74 £0.32 8.55 0.62 30.39
‘U 2.88 £0.83 3.12+0.34 371 £0.32 3.24 £0.49 15.12 0.29 8.09

SPL: sensor placement location, NEA: normalized EMG amplitude (RMS), CoV: coefficient of variation.
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Fig. 2. Relationship between EMG (%MVC) and force at three sensor placement locations.
3. Results

Table 1 shows the summarized results from the subject’s BB muscle at three sensor locations. The
average EMG RMS amplitude data (mean & SD) of three sensor locations are shown from each gener-
ated force in Table 1. As expected, the muscle belly (‘M’) showed considerably higher amplitudes (3.74
4+ 0.32 mV) than the other two sensor locations (‘L’ and ‘U’: 3.19 4+ 0.41 mV and 3.24 £+ 0.49 mV,
respectively) during the contraction. However, the average EMG was slightly less during low force pro-
duction (16 kg), which argued against our hypothesis regarding the ‘M’ location, but continuously rose
as the force increased. The EMG analyses showed that the lowest activity was in the lower part of the
BB muscle belly (according to total results). Overall, most of the data indicated that the EMG amplitude
of the muscle increased as the force increased. The CoV data from the EMG are included in Table 1 to
assist in the comparison of the EMG and steadiness results. Taken together, these results showed that
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the generated signal was more variable at the locations ‘U’ (15.12%) and ‘L’ (12.86%) compared to ‘M’
(8.55%).

The linear relationships (r?) between normalized EMG (%MVC) and the corresponding force are
presented in Table 1. These values indicate the goodness of fit of a linear model applied to the data.
The EMG slope coefficient (F-ratio) was also analyzed and indicated the difference was significant or
it was not a significant between the sensor placement locations. Figure 2 shows the normalized EMG
RMS amplitude data (in %MVC) plotted as a function of force for the static contraction in each sensor
location whereby the regression lines have been drawn through the data points. The regression lines
in the figures show the linear positive relationship between EMG and force in muscle belly and upper
sensor placement sites (40-100% MVC). Whereas, results obtained from the lower part of the muscle,
was no significant difference found between the three force levels. As shown in Figs 2(a)—(c), we found
that the linear mode provides the best fit for the normalized EMG amplitude (%MVC) versus force
relationship for the muscle belly (r? = 0.62) than the upper (r2 = 0.29) and lower sites (> = 0.31). We
also observed that the high correlation between EMG and force was significant (P < 0.05). Three ratios
(F-value) were also identified for the three sensor placement sites, whereby the ratio between EMG and
force at the muscle belly (M) and upper part (U) was statistically significant (30.39 and 8.09; P = 0.001
and P = 0.010 respectively). But, the EMG amplitude did not vary significantly in the lower part of
muscle with force (P = 0.43), which is what the F-ratio of 0.62 tells us anyway. In the regression lines
shown in Fig. 2 with y = a + bx, x refers to the value in the force and y to the value in the normalized
EMG (%MVC).

4. Discussion

Understanding the impact of the EMG-force relationship and activity on the BB muscle is required
to establish proper biomedical assessments and clinical evaluations. However, little work has been pub-
lished to address this issue to date, and some evidence suggests that sensor placement has an effect on
the BB muscle during different levels of static contraction (MVC). Thus, the main focus of this study
was to examine the differences in activity and linearity of the EMG (amplitude) versus static force rela-
tionships for the BB muscle in terms of three sensor placement locations. Our findings demonstrated that
the muscle belly generates highest electrical signal and has less signal variability during contraction. In
addition, there was a strong linear relationship between EMG and force in this muscle region compared
to the other two locations.

The present findings are in accordance with the observations of previous studies [21,22] that have as-
sessed linear EMG amplitude (from the BB muscle) versus force relationships during contractions. This
study extends the outcomes of those previous reports regarding the use of sensors on the BB muscle,
which suggested that EMG and force has a strong relationship with electrode placement on the muscle
belly. For example, electrical stimulation effectively isolated the force-length relationships of the BB
during isometric contraction when surface electrodes of 8 mm diameter were placed 20 mm apart lon-
gitudinally on the belly of the BB muscle [23]. Another study showed that EMG signal on BB muscle
has some effects (e.g., index sensitivity, fatigue) under appropriate inter-electrode distance and longi-
tudinal electrode position (positioned 5 mm apart along the direction of the fibers). The results were
determined under isometric (static) contraction with 20, 40, 60, 80, and 100% MVC [24]. In addition,
it has been shown that the EMG signal caused by the innervations zone affects the consistency EMG-
force relationship sub-maximal voluntary isometric contractions [17]. In that study, the electrode grid
was placed over the mid-line of the short head of the BB, which was 2 cm proximal to the distal tendon.
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Our results also indicate that the EMG signals from the lower part of the muscle belly (near the tendon
and innervations zone) is inconsistent, similar to previous findings. Thus, it is important to standardize
the electrode orientation on BB muscle in order to compare the pattern of responses for EMG amplitude
values and to normalize EMG amplitude data for evaluating the mean values during contraction [25].
One of the unique findings of our study was the difference between the shapes of the EMG-force based
on normalized EMG data. These assumptions are further supported by the statistically significant EMG
increase observed when the contraction level increased from 40% to 100% MVC (Figs 2(a) and (b)).

One question that arises from this study is if the signal variability was due to inter-electrode distance
or by the level of contraction. During contraction, the inter-muscular variability of the signal depends
mainly on the sensor placement locations or inter-electrode distance [26,27]. Based on our EMG data,
EMG amplitude was steady on the muscle belly compared to the lower and upper parts (4 cm apart from
belly to other two locations; Fig. 1). Muscles are generally assumed to have consistent activations across
their bellies [28], and there is strong evidence to support the findings with respect to other sensor place-
ment areas compared to the muscle belly. Indeed, Cerqueira et al. found low-to-moderate coefficients of
variation (CoV; 14.6-16.3% for RMS) during both the dynamic and static contractions when the EMG
sensor was located on the greatest portion of the BB tendon [29].

No study to date has compared the results and shown a relationship for the EMG-force obtained from
these three sensor placement locations on the BB muscle during isometric contraction mode. Our results
demonstrated that the EMG amplitude increases or decreases as the distance between the sensors and
the muscle length increases or decreases, respectively. Together, our findings suggest that the specific
placement of EMG sensors for recording muscle strength should be decided with utmost care. Sensor
placement on an exact muscle location is essential, since the EMG amplitude is reduced when the sensors
are placed over the myotendonous junction or innervations zone. In this study, these locations were
located below the muscle belly (‘L") and on the upper part of the belly (‘U’) [30]. A number of previous
studies have suggested that EMG amplitude is maximized when the sensors are placed over the muscle
belly, but not between the innervations zone and tendonous region [7,21,30]. Our results also show
similarities to previous findings whereby the muscle belly provides a good relationship in terms of
EMG (%MVC) versus force compared to the other two locations. However, previous studies have not
simultaneously compared this relationship among these three sensor locations on BB muscle. This is the
first study that clearly shows EMG activity (relationship) in the top to bottom (muscle fibers) locations
of the BB muscle.

The findings from this study may be useful to researchers who are interested in EMG analysis in terms
of force, sensor placement, and contraction. In addition, our results can be used for different practical
applications for the non-invasive evaluation of BB muscle. Our findings may also help to develop EMG-
assisted biomechanical modeling techniques as well as prosthetic devices. Surface EMG is commonly
used to control prosthetic devices, while in most industrial devices the utilized force is estimated pro-
portionally to muscle activity [31]. Further studies are needed to define the EMG-time relationship in
terms of these three sensor placement locations during static and dynamic contractions. Such studies
must include different anthropometric parameters variations (e.g., age, sex, and muscle thickness) dur-
ing movements of the upper limbs at different angles and various external conditions that influence the
signal amplitude (e.g., heat versus cold).

There were a number of limitations in this study with regard to the tests performed. First, the strategies
used to normalize the EMG data and sensors throughout the study were not capable of recording the
activity from the deep muscle tissues of the BB. Second, all subjects were given verbal instruction during
the MVC trials and seated in identical testing positions in order to ensure maximal effort. However,
without the use of methods, such as the superimposed burst technique (short or long period), there is no
way to determine whether a subject afforded maximal effort during the procedure [32,33].
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5. Conclusions

The relationship between EMG signal measured at different anatomical locations on the biceps brachii
and force in a cohort of healthy volunteers is examined. This study has defined the situation under
which EMG sensor position on the BB muscle is active, less variable, and has a good relationship with
force. The results demonstrated that the EMG (amplitude) versus force relationships for the muscle
belly (‘M’) were more linear compared to the other two locations (‘L and ‘U’). The study also found
that amplitude increases and has less variability in this sensor placement area than the tender points
during static contraction. Together, these results suggest that proper surface electrode placement should
follow the muscle fiber orientation on the BB muscle, and utmost care must be taken when placing them
in the direction of muscle fibers. Our findings can also be applied to biomedical engineering methods
for the analysis and control of the neuromuscular system, ergonomics field of research, rehabilitation
engineering, and movement biomechanics.
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