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Abstract: Neuromuscular electrical stimulation plays a pivotal role in rehabilitating muscle function
among individuals with neurological impairment. However, there remains uncertainty regarding
whether the muscle’s response to electrical excitation is affected by forearm posture, joint angle, or
a combination of both factors. This study aimed to investigate the effects of forearm postures and
elbow joint angles on the muscle torque and MMG signals. Measurements of the torque around
the elbow and MMG of the biceps brachii (BB) muscle were conducted in 36 healthy subjects (age,
22.24 £ 2.94 years; height, 172 £ 0.5 cm; and weight, 67.01 & 7.22 kg) using an in-house elbow
flexion testbed and neuromuscular electrical stimulation (NMES) of the BB muscle. The BB muscle
was stimulated while the forearm was positioned in the neutral, pronation, or supination positions.
The elbow was flexed at angles of 10°, 30°, 60°, and 90°. The study analyzed the impact of the
forearm posture(s) and elbow joint angle(s) on the root-mean-square value of the torque (TQgps)-
Subsequently, various MMG parameters, such as the root-mean-square value (MMGgyss), the mean
power frequency (MMGypg), and the median frequency (MMGypg), were analyzed along the
longitudinal, lateral, and transverse axes of the BB muscle fibers. The test-retest interclass correlation
coefficient (ICCy;) for the torque and MMG ranged from 0.522 to 0.828. Repeated-measure ANOVAs
showed that the forearm posture and elbow flexion angle significantly influenced the TQgrps (p < 0.05).
Similarly, the MMGgrpms, MMGypr, and MMGypr showed significant differences among all the
postures and angles (p < 0.05). However, the combined main effect of the forearm posture and elbow
joint angle was insignificant along the longitudinal axis (p > 0.05). The study also found that the
MMGgrps and TQgys increased with increases in the joint angle from 10° to 60° and decreased
at greater angles. However, during this investigation, the MMGypr and MMGypf exhibited a
consistent decrease in response to increases in the joint angle for the lateral and transverse axes of the
BB muscle. These findings suggest that the muscle contraction evoked by NMES may be influenced
by the interplay between actin and myosin filaments, which are responsible for muscle contraction
and are, in turn, influenced by the muscle length. Because restoring the function of limbs is a common
goal in rehabilitation services, the use of MMG in the development of methods that may enable the
real-time tracking of exact muscle dimensional changes and activation levels is imperative.

Keywords: mechanomyography; electrical stimulation; muscle mechanics; muscle assessment

1. Introduction

The torque generated at a joint depends on the activation of the motor units in the
muscle and on the mechanics of the muscle fibers and muscle-tendon units [1]. These
variations have a significant effect on the muscle activity [2] and output torque. However,
due to the increase in neurological impairments, neuromuscular electrical stimulation
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(NMES) has been found to be of clinical significance in functional rehabilitation. To fur-
ther assess the effectiveness of NMES, it is required to understand the muscle’s activity,
stimulus-elicited torque, and MMG responses to motor unit recruitment. The old standard,
electromyography (EMG), is used to assess the torque and contractile properties of muscles
but has limitations due to significant interference from electrical signals, artefacts, and skin
impedance changes [3].

As a mechanical counterpart to EMG, with no interference from electromagnetic
interference, mechanomyography (MMG) has been approved in the assessment of muscle
torque [4]. MMG is generated by changes in the muscle shape and length that cause lateral
oscillations of muscle fibers at the resonant frequency of the muscle and the dimensional
changes of muscle fibers. These oscillations are quantified using the root mean square of
the MMG amplitude (MMGgys) and frequency domain parameters [5], such as the mean
power frequency (MMGypr) and median power frequency (MMGypg).

Early studies defined the relationship between the MMGgpms and muscle length as
a function of the joint angle [6]. However, when considering dynamic muscle activity,
measuring the effects of a specific muscle becomes challenging at a joint. For example,
the biceps brachii (BB), brachialis, brachioradialis muscles [7], and forearm muscles, such
as the pronator tares and the flexor carpi radialis, contribute to the elbow joint torque.
Consequently, the coactivation of these muscles can mask the behaviors of the BB muscle.
A previous study showed that the forearm posture effectively impacts neural control, with
the longest length of BB observed during pronation, followed by during the neutral and
supination positions [8]. Acknowledging the influence of forearm posture on neuropath-
ways could enhance the understanding of these torque and MMG findings. While research
has highlighted the importance of MMG frequency and RMS parameters for slight muscle
contractions [4], understanding of the muscle strength evaluation can be gained from
biomechanical effects due to muscle size and morphology changing with forearm posture.

Study [9] found that MMG parameters below 20% MVC might correlate with sus-
tained contraction in the slow-twitch muscle fibers. However, they exhibited coactivation
of nearby muscles, which influenced the interpretation of the findings. Interestingly, NMES
has demonstrated activation of targeted muscles [10] at levels up to 20% MVC [11], un-
derscoring the need to explore how joint factors influence the muscle contraction and
torque outcomes [12-15]. Specifically, the normalized MMGgys value and knee exten-
sion torque increased with increases in the flexion angle [6]. This finding is important
because a change in the joint angle is related to the biomechanical properties of the re-
lated muscle(s) [16,17], which affect the motor unit recruitment [11,12] and overlapping
of cross-bridge elements [17,18]. In addition, voluntary contraction of the BB revealed a
monotonic increase followed by a decrease in the MMGgrys with increases in the elbow
joint angle [19]. Typically, MMGrys decreases at 90% of the muscle length [20] and in-
creases at other lengths. Therefore, this finding suggests that the MMGgrys reflects the
power of the muscle [21], which is specific to the angle [6], and is influenced by the motor
unit recruitment strategy [22,23]. A downshift in the MMGypr with an increase in the
elbow joint angle indicates the firing rate of motor units [15,18] at shorter muscle lengths.

As mentioned previously, the length and shape of the BB muscle vary with changes
in elbow flexion, which makes understanding the muscle’s response to NMES important.
However, although a recent study [19] investigated the relationship of the elbow joint
angle with the TQgpns and MMGgums, muscle behaviors with different forearm postures
and different elbow joint angles have not been studied in NMES-evoked contractions.
Furthermore, the significance of the MMGgryms, MMGypr, and MMGypr along the axes of
muscle fibers has not been assessed. It is worth noting that the variation in the spectral
responses of the muscle is influenced by muscle fibers during multiscale movement [24].

Given the importance of this article, we measured the influence of the forearm pos-
ture(s) and elbow joints angle(s) on TQgrys, MMGrms, MMGypr, and MMGypr values
during consistent NMES of the BB muscle. We hypothesized that: (1) The linear increase
and decrease in TQgy;s and MMGRrys with changes in the forearm position and elbow joint
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angle validate MMG as an alternative to complicated torque measurement in occupational
activities [14] and reflect preceptive feedback useful in post-surgical monitoring of the mus-
cle at specific elbow joint angles based on the affected length-dependent muscle afferent
units [15]. (2) We also postulated that the MMGypr and MMGypr either remain consis-
tent or exhibit a downward trend with increases in the elbow joint angle, indicating how
muscles are activated [10], which is useful in the design of externally powered prosthesis
when the MMG amplitude is inefficient.

The remainder of this paper is arranged as follows: Section 2 describes the acquisition
of MMG and torque signals and the calculations of the MMG and torque parameters used
for analysis; Section 3 describes the experimental results; Section 4 discusses the findings of
this study; and the conclusion is provided in Section 5.

2. Materials and Methods
2.1. Subjects

Thirty-six healthy males (age, 22.24 £ 2.94 years; height 172 + 0.5 cm; and weight,
67.01 £ 7.22 kg) participated in this study. The subjects had no history of neuromuscular
disorders or surgical operations. Before participation, the subjects provided a written
and signed informed consent after disclosure of the study’s purpose and procedures and
completed a health history screening. The subjects were briefed about their rights to
withdraw their participation at any time. Ethical approval of the experimental protocol
(NMRR-20-2613-56796 (IIR)) was obtained from the Medical Research Ethics Committee of
Malaysia in compliance with the principles outlined in the Declaration of Helsinki. The
experiment was conducted at the laboratory at the Faculty of Electronics and Computer
Engineering, Universiti Teknikal Malaysia Melaka (UTeM).

2.2. Experimental Protocol

The subjects visited the laboratory on three different occasions. Demographic data
were recorded in the familiarization session, and all subjects completed a warmup protocol
to familiarize themselves with performing maximum voluntary contraction (MVIC) of
elbow flexion with the right hand at 90°. The MVIC exercise was repeated once the error
between the two consecutive trials exceeded 5%. A minimum of 5 min of recovery was
provided to avoid muscle fatigue.

Upon determining MVC, the participant was familiarized with the sensation of NMES
intensity. The motor point was determined, and the magnitude of stimulation intensity
was determined for the maximum comfort of the subject. The subjects whose BB muscle
failed to provide about 15% of equivalent NMES were withdrawn from the study [2]. This
value was obtained for most participants at a stimulation protocol of a frequency of 30 Hz,
a pulse width of 110 us, and a current amplitude of 30 mA, which induces elbow flexion
torque without causing discomfort the participant. Thereafter, the subjects refrained from
any strenuous muscle activity for at least 24 h before the next NMES experiment session.

During the experiment, the forearm was secured in either the neutral, pronation,
or supination position and fixed to a rotating custom-made wooden arm at the desired
elbow joint angle (Figure 1). Following the guidelines of the International Society of Elec-
tromyography and Kinesiology (ISEK), a self-adhesive electrode (4 cm x 4 cm, Hercusense
TENS/EMS, V2U Healthcare Pte. Ltd., Singapore) was placed on the motor point, and
the distal electrode was placed at the other end of the BB muscle belly. The stimulation
intensity was delivered by electrical muscle stimulation (EMS 7500, V2U Healthcare Pte.
Ltd., Singapore). An indelible marker was utilized to ensure the consistent positioning of
the stimulation electrodes throughout the experimental sessions. The muscle belly was
located through palpation with the elbow flexed at 90° to ensure proper fixation of the
MMG sensor. NMES was applied to the BB muscle while the subject maintained differ-
ent forearm postures and elbow joint angles (10°, 30°, 60°, and 90°), measured using a
digital goniometer.
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Figure 1. Raw acceleration and force data acquisition setup: (1) electrical stimulation electrodes,
(2) MMG sensor, (3) adjustable elbow rest, (4) support for the force sensor (placed underneath), (5) a
fixture for the hand/wrist posture, (6) a fixture for the adjustable elbow joint angle, and (7) force and
acceleration data acquisition device.

To ensure consistency, the lever arm of the forearm was kept the same for all the
participants using adjustable table vices and screws, as shown in Figure 1. The arm posture
and elbow joint angle were maintained and monitored by two assistants present at the
site. To ensure full recovery of the muscle, the participants were allowed to rest for at least
10 min between two postures or angles and 5 min between trials. Each trial lasted 30 s.

2.3. Data Acquisition and Signal Processing

Acceleration and muscle force data were simultaneously recorded by a customized
LabVIEW program (NI LabVIEW 2021 (64 bit)) at a sampling rate of 1 kHz. The Arduino
Uno R3 Microcontroller was used to interface the acceleration and force transducers. Accel-
eration data were detected using an ADXL-313 (weight < 2.6 g, low power, high resolution
(up to 13 bits)), a 3-axis accelerometer capable of measuring up to +4 g (SparkFun, Niwot,
CO, USA). An ADXL-313 sensor was attached to the muscle belly using adhesive tape
(BMTM VHBTM 4920, St. Paul, MN, USA). The force was measured using a force transducer
(FS2050 Compression LC1500 GRAM, TE Connectivity, Schaffhausen, Switzerland), and
the lever measured from the olecranon process to styloid process of the ulna.

The dataset included three axes of acceleration signals and one torque value for each
posture and angle. The power spectrum of MMG was found below 100 Hz [25]. The
MMBG data were obtained by filtering acceleration data using a fourth-order Butterworth
band-pass filter of 5-100 Hz to eliminate the adverse artefacts from electrical cabling and
body movement [26]. The torque data were filtered using a 4th-order Butterworth low-pass
filter with a cutoff frequency of 5 Hz [27].

For analysis, the middle 1 s plateau of the torque and MMG signals [6] was deter-
mined using a moving window of 1000 ms at a threshold of 20% of the maximum muscle
contraction above the baseline. This selection aimed to extract data with no effect on the
onset of torque development at the beginning of muscle contraction and the offset at the
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start of muscle relaxation (Figure 2). A 512-point Short-Time Fourier Transform (STFT)
with 50% window overlap was used to compute the MPF and MDF from the MMG signals.
Thereafter, the TQryvs, MMGrvs, MMGpypr, and MMGypr were calculated. Subsequent
analysis was performed using a 100-millisecond window with 50% overlap. The TQgps,
MMGrms, MMGyipp, and MMGypr were then normalized to their respective maximum
levels among the twelve conditions (four elbow joint angles and three forearm postures) [2].
MATLAB® 2021b (Apple Hill Drive, Natick, MA, USA) was used for signal processing.

5
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Figure 2. Filtered elbow joint torque and MMG signal from the BB. The data from the middle 1 s,
bounded by the dotted lines, were used for the calculation of TQgrns, MMGgryms, MMGypr and
MMGMDF-

2.4. Statistical Analysis

The Shapiro-Wilk test was used to examine the normality of the distribution of TQgyss,
MMGrms, MMGypr, and MMGypr values obtained along the longitudinal, lateral, and
transverse axes of the BB muscle fibers. One-way analysis of variance (ANOVA) with
repeated measures was performed to evaluate the effect of the forearm posture on the torque
and MMG parameters. Similarly, the effect of the elbow joint angle on the elbow flexion
torque was assessed. Two-way analysis of variance (ANOVA) with repeated measures was
utilized to examine the combined effects of the posture and elbow joint angle on torque
and MMG variables. The Greenhouse-Geisser correction factor was applied whenever the
sphericity assumption was violated. A Bonferroni adjustment was used as the post hoc test
to assess the differences. The differences in the investigated variables were significant if
p < 0.05. The reliability (ICCj;) of the TQgrpg and MMGgpms measurement was assessed as
excellent (>0.9), good (0.75-0.9), moderate (0.5-0.75), or poor (<0.05) [28]. All variables are
presented as the normalized means (SDs) of the measurements. All the statistical tests were
conducted using IBM SPSS 25.0 (SPSS Inc., Chicago, IL, USA).

3. Results

The reliability measured outcomes (ICC, ) ranged from 0.688 to 0.823 for TQgps,
and from 0.522 to 0.761 for MMGgys for all investigated elbow joint angles and forearm
postures. The CV% exceeded 10% at 60° only for the neutral position. The minimum
detectable change (MDC) ranged from 0.265 to 0.424. A paired-sample t-test revealed a
non-significant difference for TQryms and MMGrys across all testing sessions (p > 0.05).

3.1. Effect of the Forearm Posture and Joint Angle on Torque

Figure 3 and Table 1 present the relationship between the forearm posture, elbow
joint angle, and TQgpns. The TQgps in the neutral position was higher than the values
obtained in the pronation and supination positions (p < 0.05). The forearm posture had a
significant effect on the TQgrys (p < 0.05) at all elbow joint angles. The joint angle was found
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to have a significant effect on the normalized TQgyss in the neutral (p < 0.05), pronation
(p < 0.05), and supination (p < 0.05) positions. The forearm posture and elbow joint angle
had a significant combined main effect on the TQgysg (p < 0.05; Figure 4). The post hoc test
revealed a significant TQgys (p < 0.05) at all angles between the neutral and supination
position and among all postures at 60°.
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0.9 09|
0.8} 0.8
2] wn " I
z z
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S 2 o7}
B o6} E
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Figure 3. Normalized TQgys at neutral (N), pronation (P), and supination (S) postures of the forearm
(left) and the elbow flexion at 10°, 30°, 60°, and 90° (right).
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Figure 4. Normalized TQgysg at the neutral, pronation, and supination positions of the forearm and

at elbow joint angles of 10°, 30°, 60°, and 90°. The statistical significance between posture conditions
are indicated (a—neutral and pronation, b—neutral and supination, c—pronation and supination).
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Table 1. Elicited elbow flexion TQgyjg measured at the elbow joint angle of 10°, 30°, 60°, and 90° in
the Neutral (N), pronation (P), and supination (S) positions.

Elbow Joint Angle 10° 30° 60° 90°

£ o Mean + SD Mean + SD Mean + SD Mean + SD

:‘3 _§ N 04516 0.1775 0.5707 0.1990 0.7416 0.1839 0.6029 0.2051

E & P 04325 0.1724 0.5108 0.1700 0.6500 0.1704 0.5957 0.1797
S 0.4002 0.1678 0.4524 0.1970 0.5041 0.2033 0.4639 0.1939

3.2. Effect of the Elbow Joint Angle and Forearm Posture on the MMG Responses to NMES
3.2.1. MMG Amplitude

The relationships between the forearm posture and the MMGgys (Figure 5, left)
and the elbow joint angle and the MMGgys (Figure 5, right) and the main effect of the
forearm posture and elbow joint angle on the MMGgys (Figure 6) were examined along
the longitudinal, lateral, and transverse axes of BB muscle fibers.
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Figure 5. Behaviors of the normalized MMGgys along the longitudinal, lateral, and transverse axes
of the BB muscle fibers at the neutral (N), pronation (P), and supination (S) positions (left) and elbow
joint at 10°, 30°, 60°, and 90° (right).
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Figure 6. MMGgys along the longitudinal, lateral, and transverse axes of the BB muscle with the

forearm in neutral, pronation, and supination positions and the elbow joint at 10°, 30°, 60°, and 90°.

The forearm posture was found to have a significant effect on the normalized MMGgryis
along the longitudinal axis (p < 0.05), the lateral axis (p < 0.05), and the transverse axis
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(p < 0.05). The elbow joint angle had significant effects on the normalized MMGgrys along
the longitudinal (p < 0.05), lateral (p < 0.05), and transverse (p < 0.05) axes of BB muscle
fibers. The interaction between the forearm posture and elbow joint angle was found to
have no significant main effects on the MMGgrys along the longitudinal (p > 0.05), lateral
(p > 0.05), and transverse axes (p > 0.05) of BB muscle fibers.

3.2.2. MMG Frequency

The study investigated the correlation between the forearm posture and both MMGypr
(Figure 7, left), and MMGypr (Figure 8, left) as well as the relationship between elbow joint
angle and both MMGypr (Figure 7, right), and MMGyypr (Figure 8, right). Measurements
were taken along the longitudinal, lateral, and transverse axes of BB muscle fibers. The main
effect of the interaction between the forearm posture and elbow joint angles on MMGypp
(Figure 9) left as well as on MMGypr (Figure 9) right, were assessed along the longitudinal,
lateral, and transverse axes of BB muscle fibers.
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Figure 7. Relationship between MMGypr along the longitudinal, lateral, and transverse axes of the
BB muscle fibers at the neutral (N), pronation (P), and supination (S) (left) positions, and elbow joint
at 10°, 30°, 60°, and 90° (right).
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Figure 8. Behaviors of MMGypr along the longitudinal, lateral, and transverse axes of the BB muscle
fibers at the neutral (N), pronation (P), and supination (S) positions (left) and at elbow joint angles of
10°, 30°, 60°, and 90° (right).
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Figure 9. Behaviors of MMGypr (left) and MMGypF (right) along the longitudinal, lateral, and

transverse axes of the BB muscle fibers at the neutral, pronation, and supination positions (left)

and with the elbow joint at 10°, 30°, 60°, and 90° (right). The statistical significance between

postures conditions are indicated (a—neutral and pronation, b—neutral and supination, c—pronation

and supination).

The forearm posture was found to have significant effects on the normalized MMGypr
and MMGypr along the longitudinal axis (p < 0.05), the lateral axis (p < 0.05), and the
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transverse axis (p < 0.05). The elbow joint angle had significant effects on the normalized
MMGpypr and MMGypr along the longitudinal axis (p < 0.05), the lateral axis (p < 0.05), and
the transverse axis (p < 0.05). The interaction between the forearm posture and elbow joint
angle had insignificant effects on the MMGypr and MMGypr along the longitudinal axis
(p>0.05). Along the lateral and transverse axes, the interaction between the forearm posture
and elbow joint angle had a significant effect on the MMGypr and MMGypr (p < 0.05).
A significant difference in MMGypr and MMGypr (p < 0.05) was observed among all
postures at 10° along the lateral and transverse axes. Both MMGypr and MMGypr were
found to be insignificant between the neutral and pronation position (p < 0.05) and among
all posture combinations at 30°, 60°.

4. Discussion

The results of this study indicate that the reliability of TQgrys and MMGrus pa-
rameters ranged from moderate to good, which demonstrates that MMG can reflect the
biomechanical properties of muscles [29] and give further insights in the investigation of
muscle physiology. This study indicates that (1) the forearm posture and (2) elbow joint
angle influenced the neural excitation of the biceps brachii remarkably in muscle strength
assessment and neuromuscular rehabilitation during NMES.

4.1. Effect of the Forearm Posture and Elbow Joint Angle on Torque

The results show that changing the forearm position significantly affected the nor-
malized TQgrys (Figure 3). This finding suggests that variation in the forearm posture
leads to variation in the muscle length, shape, and size which, in turn, influences the
spinal excitability of the BB muscle [8]. This effect may affect the responsiveness of the BB
muscle to NMES. Therefore, these results validate the hypothesis that the influence of the
forearm posture on the TQgyg is associated with alterations in muscle morphology, which
cause the results to deviate from the expected outcomes. Specifically, while a consistent
NMES intensity is maintained, a decreased TQgys at the supination position might be
caused by the reduction in the current density with increased depth of the BB muscle, thus
compromising the level of recruitment of deeper muscle fibers [30].

Similar to the findings obtained in previous studies, the present research found that
the elbow joint angle had a significant effect on the TQgys [31,32]. Across 10°, 30°, and 90°
angles, there was a significant difference between the neutral and supination position and
among all postures at 60°. These behaviors are caused by the overlap between the actin
and myosin that disrupts the formation of a cross-bridge connection and hinders the force
production [33]. With increases in the elbow flexion angle beyond 60°, the TQgyg exhibited
a downward shift. These results indicate that the resting length produces more cross-bridge
interactions between actin and myosin filaments around 60°. The reduction is attributed
to mechanical interaction among neighboring actin filaments at shorter muscle length
and the stretching of actin and myosin at longer muscle length, which, in turn, influence
the NMES-evoked TQgys [34]. Additionally, because the BB originates from the radial
tuberosity, elbow flexion leads to a reduction in the length of the BB due to variation in the
moment arms. These changes are associated with the level of neural excitation [35] and an
altered fiber-type composition [17,21,29-31]. NMES shows greater torque at intermediate
elbow joint angles [36], which indicates variation in the morphological adaptations of
muscle tendons [37] and changes in the sarcomere length [19,33].

In this study, a consistent NMES intensity was employed. However, during elbow
flexion, some of the deeper motor units were not activated. Consequently, the observed
downward trend in torque was influenced by the reduction in the motor units activated
per electrode site [30]. This finding indicates that the changes in the muscle depth due to
variations in the forearm posture and elbow joint angle impact the electrical excitation of
the muscle. An early study showed that the motor point of the biceps shifts from 1.5 cm to
2 cm over a range of 80° [38]; the electrode size of 4 cm X 4 cm used in our experiment was
sufficient for the electrode to remain fixed at the threshold location of the motor point. Thus,
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the variations in the output measurement (TQgng) were strongly influenced by changes in
the biomechanical and mechanical characteristics of the BB muscle.

This research is the first to highlight NMES-evoked torque with variations in the fore-
arm posture and elbow joint angle at below 15% equivalent MVC. These findings suggest
that the lever arm, joint structure, and myosin were affected and thus altered the motor
output, which is dependent on the length. This finding was observed because the muscle
length modulates the local circuit neurons [8], which influence the responsiveness of the
muscle to NMES, a necessary feature in therapeutic rehabilitation. Additionally, previous
studies revealed that 20% torque evoked by NMES provokes a higher degree of muscle
activation compared with equivalent 20% MVC torque in lower limb muscles [11]. The
15% NMES-evoked torque in this study supports the belief that it is beneficial to restore the
muscle tissue recovery of injured muscles and to carry out post-surgical recovery monitor-
ing [2]. However, the forearm posture influences the spinal pathways, though this finding
was not evident in MVC. Further investigation should focus on the optimum protocol for
achieving an MVC equivalent to 15% of NMES with changes in the muscle length.

The inter-individual responses to NMES were found to be influenced by body fat, BMI,
and sex. Although our experiment included subjects within a normal, healthy BMI range,
it is worth noting that the upper arm circumference impacted the responsiveness of the
muscle to NMES [39]. Therefore, understanding the effects of anthropometric measures
coupled with NMES on muscle strength could serve as a valuable direction for future
clinical studies.

4.2. Effect of the Forearm Posture and Elbow Joint Angle on the MMG Amplitude

An alteration in the forearm posture influences the electrophysiological properties of
the BB muscle [40]. These changes are associated with inhibitory and excitatory circuits
of the spinal pathways. During elbow flexion accompanied by forearm rotation, the
dimensional changes of muscle fibers lead to variations in their firing rates, which are
reflected in the form of MMG signals [41].

In this study, the forearm posture was found to have a significant effect on the
MMGgruys along the longitudinal, lateral, and transverse axes. These findings indicate
that the forearm posture causes a change in the behaviors of the neural connections that
carry signals to the BB muscle [42]. The insignificant difference in the MMGgps at 30° and
60° can be attributed to insufficient excitability in deeper muscle fibers due to a muscle
length shorter than the resting length of the BB muscle [8]. This is useful in correcting
postural balance and optimizing the neural output in mobility rehabilitation.

Across the investigated elbow joint angles, the pronation posture consistently yielded
the lowest MMGgys (Figure 5, left, and Figure 6). This finding is consistent with a previous
study [7] and can be attributed to the inhibition of the activation of BB muscle fibers under
the same synaptic connection with the spinal tracks of the brachioradialis muscle. NMES
experiments have shown that isolating the BB from the brachialis and brachioradialis
muscles may lead to an additive level of excitation which can be decreased in the pronation
position [7]. This finding may be caused by the muscle-tendon complex, which experiences
greater stiffness at higher torque output (Figure 3, left, and Figure 4). Furthermore, the mag-
nitude of each of the three axes varied across the forearm postures. These findings suggest
that the forearm can produce reach information on the muscle performance outcome.

An increase in the elbow joint angle induced an increase in the MMGgys. This
observation complies with the approach taken by Barry [43], who found greater MMG
amplitudes for an electrically stimulated gastrocnemius muscle with shorter muscle lengths.
As supported by previous research [30], the recruitment of motor units in deeper muscle(s)
depends on the number of fibers under the stimulation electrodes. Furthermore, the filtering
capacity of the tissue between the acceleration sensor and recruited muscle fibers increases
with increases in the elbow flexion angle [44]. This study also showed that the MMGrys
along the lateral and transverse axes increased as the elbow flexion angle increased from
10° to 30° and decreased as the angle increased from 60° to greater values (Figure 5, right).
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As also observed in a previous study [20], the MMG amplitude increased at 90% of the
muscle length and decreased when the muscle length was higher or lower than 90%. This
implies that MMG amplitude can reflect the angle at which the muscle strength is optimized
when the torque measurement is complicated, such as in neurologic amputees.

The significant differences in the elbow joint along the longitudinal, lateral, and
transverse axes can be attributed to the dynamic properties of the muscle, also influenced
by the viscosity, thickness, and stiffness, all of which might be varied with changes in the
muscle length. Hence, the finding evidently shows that the difference in the MMGRgrms
along the lateral axis mirrors the resonance frequency of the fiber, and the difference along
the transverse axis reflects the longitudinal stiffness [43].

4.3. Effect of the Forearm Posture and Elbow Joint Angle on the MMG Frequency

This study found that an increase in the elbow joint angle was associated with a de-
crease in the MMGypp. Evidence of these findings shows that when a muscle is selectively
isolated, the decline in the MMGypr originates from the lengthening or shortening of the
sarcomere outside the nominal dimensions of actin and myosin. Additionally, an increase
in elbow flexion causes an increase in the muscle diameter, which influences the insufficient
overlap of actin and myosin filaments [45]. This finding agrees with the research reported
by Frangioni, who found that the mean power frequency increased with increases in the
muscle length of the gastrocnemius muscle of a frog under electrical stimulation [46]. Fur-
thermore, studies of voluntary contraction claimed a significant decrease in the MMGypr at
shorter muscle lengths [47]. Together, these earlier findings and those obtained in this study
demonstrate that the MMG response is independent of the firing patterns but dependent
on the contraction and relaxation time properties of the muscle fibers [20].

The decreased MMGypr found in this study was influenced by the muscle length [41].
The patterns found for the MMGypr were higher at greater muscle lengths [48]. A decrease
in the MMGypr with an increase in the elbow joint angle indicates motor unit synchro-
nization, which reportedly reduces the median frequency of the muscle [49]. The difference
in the patterns found for MMGypr along the longitudinal, lateral, and transverse axes
indicates that the levels of activation of muscle fibers vary among different elbow angles
and forearm postures. Specifically, the MMGypr and MMGypr along the longitudinal
axis (Figure 7, right, and Figure 8, right) increased and decreased with an increase in
the TQgrys. This finding indicates that the frequency features of MMG signals measured
along the longitudinal axis can mirror the patterns of NMES-evoked torque. Conversely,
the MMGypr and MMGypr along the lateral and transverse axes exhibited a meaningful
decrease, which was different to the results found for the TQgys (Figure 9). This non-linear
feature is caused by the muscle architecture, tendon units, and sensory feedback at the
muscle spindles. Additionally, the decline in both the MMGypr and MMGypr indicates
the discharge rate of Ia afferent inputs, which have been shown to vary with changes
in the resting length of the muscle. The lack of significant difference found between the
neutral and the pronation position showed the notable muscle fiber recruitment with a
longer muscle [3,8]. The non-linear relationship of the MMG frequency features reveals
that spectral parameters are good candidates for limb torque estimation and could be
further explored in the future. Furthermore, MMGypr, MMGypr and MMGgrys in this
study outperformed the variability in multiple-degree-of-freedom activities [50] and the
performance of EMG in electric hand prothesis for the limb-imputed population [51].

The limitation of the current study is that the analysis was centered on the response
of the BB muscle. For future investigation, the brachioradialis and brachialis muscles
should be included. The findings were limited to a constant intensity of NMES and a
long span of joint angles. Hence, varying the intensity of NMES could offer insights into
neuromuscular efficiency, which is a proxy for gauging the effectiveness of rehabilitation
exercises in future research.
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5. Conclusions

The study evaluated the relationship between elbow joint angles, forearm posture, and
NMES-elicited muscle contraction in normal, healthy subjects and showed reliable MMG
and torque. These findings suggest that MMG is a proxy tool for non-invasive assessment
of NMES-evoked contraction in the BB. MMGgrms, MMGypr and MMGypr along the
longitudinal axis showed a monotonic increase with the elbow joint angles. Hence, these
parameters should be used to monitor the muscle activation in daily occupational tasks.
MMGppr and MMGypr along the lateral and transverse axis decreased at shorter muscle
length (Figure 9). TQgrys parameters used in this study linearly increased from 10° to 60°
and decreased beyond 60°. Thus, there is a specific joint angle at which the NMES-evoked
torque is at its maximum. These findings are consistent with the reported results of the
previous research [20], where the magnitude of muscle vibration increased with nominal
muscle length to 90% and declined at other muscle lengths. Therefore, under the condition
of joint angle, MMG signals are sensitive to contractile elements of the muscle; thus, they
should be useful for characterizing the peripheral and central response to NMES. The
reliability of MMG and torque provides the useful insight that MMG signals could be
used to assess the function of skeletal muscles where expensive modalities are not possible.
Typically, MMG parameters are evidence to be used by physical therapy practitioners
which require the monitoring of post-injury and post-operative functionality [10]; thus,
there remains scope for future investigation of other elbow flexor muscles.

Author Contributions: Conceptualization and methodology, investigation, and signal processing,
R.U. and K.S,; statistical analysis, R.U. and ES.F; writing—supervision, K.S. and ES.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the University of Rwanda, the Regional Centre of Excellence
for Biomedical Engineering and E-Health (UR-CEBE).

Institutional Review Board Statement: The study was conducted in compliance with the principles
outlined in the Declaration of Helsinki. Ethical approval NMRR-20-2613-56796 (IIR) was provided by
the Medical Research and Ethics Committee, Ministry of Health, Malaysia.

Informed Consent Statement: Signed informed consent was obtained from all subjects.
Data Availability Statement: Data are available upon reasonable request.

Acknowledgments: The authors would like to acknowledge the Director General of Health Malaysia
for giving us permission to publish this article and the Medical Research and Ethics Committee
(MREC) of Malaysia for providing ethical approval for the collection of the data used in this study.
Additionally, the authors extend their gratitude to the individuals who participated as subjects in
this research.

Conflicts of Interest: The authors declare that they have no competing financial interests that
influenced the research work reported in this article.

References

1. Akima, H.; Maeda, H.; Koike, T.; Ishida, K. Effect of elbow joint angles on electromyographic activity versus force relationships of
synergistic muscles of the triceps brachii. PLoS ONE 2021, 16, 6. [CrossRef] [PubMed]

2. Gonzalez, EJ.; Downey, RJ.; Rouse, C.A.; Dixon, W.E. Influence of Elbow Flexion and Stimulation Site on Neuromuscular
Electrical Stimulation of the Biceps Brachii. IEEE Trans. Neural Syst. Rehabil. Eng. 2018, 26, 904-910. [CrossRef] [PubMed]

3. Reza, MF; Ikoma, K.; Chuma, T.; Mano, Y. Mechanomyographic response to transcranial magnetic stimulation from biceps
brachii and during transcutaneous electrical nerve stimulation on extensor carpi radialis. J. Neurosci. Methods 2005, 149, 164-171.
[CrossRef]

4. Islam, M.A,; Sundaraj, K.; Ahmad, R.B.; Ahamed, N.U.; Ali, M.A. Mechanomyography sensor development, related signal
processing, and applications: A systematic review. IEEE Sens. J. 2013, 13, 2499-2516. [CrossRef]

5. Ibitoye, M.O.; Hamzaid, N.A.; Zuniga, ]. M.; Abdul Wahab, A.K. Mechanomyography and muscle function assessment: A review
of current state and prospects. Clin. Biomech. 2014, 29, 691-704. [CrossRef]

6. Ibitoye, M.O.; Hamzaid, N.A.; Hasnan, N.; Khairi, A.; Wahab, A. Torque and mechanomyogram relationships during electrically

evoked isometric quadriceps contractions in persons with spinal cord injury. Med. Eng. Phys. 2016, 38, 767-775. [CrossRef]


https://doi.org/10.1371/journal.pone.0252644
https://www.ncbi.nlm.nih.gov/pubmed/34081721
https://doi.org/10.1109/TNSRE.2018.2807762
https://www.ncbi.nlm.nih.gov/pubmed/29641395
https://doi.org/10.1016/j.jneumeth.2005.05.013
https://doi.org/10.1109/JSEN.2013.2255982
https://doi.org/10.1016/j.clinbiomech.2014.04.003
https://doi.org/10.1016/j.medengphy.2016.05.012

Sensors 2023, 23, 8165 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Kleiber, T.; Kunz, L.; Disselhorst-Klug, C. Muscular coordination of biceps brachii and brachioradialis in elbow flexion with
respect to hand position. Front. Physiol. 2015, 6, 215. [CrossRef]

Forman, D.A.; Abdel-Malek, D.; Bunce, C.M.; Holmes, M.W. Muscle length and joint angle influence spinal but not corticospinal
excitability to the biceps brachii across forearm postures. J. Neurophysiol. 2019, 122, 413-423. [CrossRef]

Akataki, K.; Mita, K.; Watakabe, M.; Itoh, K. Mechanomyogram and force relationship during voluntary isometric ramp
contractions of the biceps brachii muscle. Eur. |. Appl. Physiol. 2001, 84, 19-25. [CrossRef]

Uwamahoro, R.; Sundaraj, K.; Subramaniam, I.D. Assessment of muscle activity using electrical stimulation and mechanomyog-
raphy: A systematic review. Biomed. Eng. Online 2021, 20, 1. [CrossRef]

Flodin, J.; Mikkelsen, C.; Ackermann, PW. Knee extensor force production and discomfort during neuromuscular electrical
stimulation of quadriceps with and without gluteal muscle co-stimulation. Eur. |. Appl. Physiol. 2022, 122, 1521-1530. [CrossRef]
Uwamahoro, R.; Sundaraj, K.; Subramaniam, I.D. Analysis of upper limb rehabilitation using muscle mechanics: Current
and future perspectives using Mechanomyography signals. In Proceedings of the 12th Biomedical Engineering International
Conference, Ubon Ratchathani, Thailand, 19-22 November 2019; pp. 1-5.

Esposito, F.; Ce, E.; Rampichini, S.; Veicsteinas, A. Acute passive stretching in a previously fatigued muscle: Electrical and
mechanical response during tetanic stimulation. J. Sports Sci. 2009, 27, 1347-1357. [CrossRef] [PubMed]

Ferrarin, M.; Pedotti, A. The relationship between electrical stimulus and joint torque: A dynamic model. IEEE Trans. Rehabil.
Eng. 2000, 8, 342-352. [CrossRef]

Gerrits, K.H.; Maganaris, C.N.; Reeves, N.D.; Sargeant, A.J.; Jones, D.A.; De Haan, A. Influence of knee joint angle on muscle
properties of paralyzed and nonparalyzed human knee extensors. Muscle Nerve 2005, 32, 73-80. [CrossRef] [PubMed]
Miyamoto, N.; Oda, S. Mechanomyographic and electromyographic responses of the triceps surae during maximal voluntary
contractions. J. Electromyogr. Kinesiol. 2003, 13, 451-459. [CrossRef] [PubMed]

Islam, M.A.; Sundaraj, K.; Ahmad, R.B.; Ahamed, N.U. Mechanomyogram for Muscle Function Assessment: A Review. PLoS
ONE 2013, 8, €58902. [CrossRef]

Shi, J.; Zheng, Y.P.; Huang, Q.H.; Chen, X. Continuous monitoring of sonomyography, electromyography and torque generated
by normal upper arm muscles during isometric contraction: Sonomyography assessment for arm muscles. IEEE Trans. Biomed.
Eng. 2008, 55, 1191-1198.

Beck, T.W.; Housh, T.].; Johnson, G.O.; Cramer, ].T.; Weir, ].P.; Coburn, ].W.; Malek, M.H. Does the frequency content of the surface
mechanomyographic signal reflect motor unit firing rates? A brief review. J. Electromyogr. Kinesiol. 2007, 17, 1-13. [CrossRef]
Gobbo, M.; Maffiuletti, N.A.; Orizio, C.; Minetto, M.A. Muscle motor point identification is essential for optimizing neuromuscular
electrical stimulation use. J. Neuroeng. Rehabil. 2014, 11, 17. [CrossRef]

Madeleine, P.; Cescon, C.; Farina, D. Spatial and force dependency of mechanomyographic signal features. J. Neurosci. Methods
2006, 158, 89-99. [CrossRef]

Lei, K.F; Cheng, S.C.; Lee, M.Y.; Lin, W.Y. Measurement and estimation of muscle contraction strength using mechanomyography
based on artificial neural network algorithm. Biomed. Eng. Singap. 2013, 25, 1350020. [CrossRef]

Miyamoto, N.; Oda, S. Effect of joint angle on mechanomyographic amplitude during unfused and fused tetani in the human
biceps brachii muscle. Eur. J. Appl. Physiol. 2005, 95, 221-228. [CrossRef] [PubMed]

Garcia-Retortillo, S.; Rizzo, R.; Wang, ] W.; Sitges, C.; Ivanov, P.C. Universal spectral profile, and dynamic evolution of muscle
activation. J. Appl. Physiol. 2020, 129, 419-441. [CrossRef]

Talib, I; Sundaraj, K.; Lam, C.K. Association of anthropometric parameters with amplitude and crosstalk of mechanomyographic
signals during forearm flexion, pronation, and supination torque tasks. Sci. Rep. 2019, 9, 16166. [CrossRef]

Szumilas, M.; Lewenstein, K.; Slubowska, E. Verification of the functionality of device for monitoring human tremor. Biocybern.
Biomed. Eng. 2015, 35, 240-246. [CrossRef]

Shin, I; Ahn, S.; Choi, E.; Ryu, J.; Park, S.; Son, J.; Kim, Y. Fatigue analysis of the quadriceps femoris muscle based on
mechanomyography. Int. ]. Precis. Eng. Manuf. 2016, 17, 473-478. [CrossRef]

Latella, C.; Ruas, C.V.; Mesquita, R.N.; Nosaka, K.; Taylor, J.L. Test-retest reliability of elbow flexor contraction characteristics
with tensiomyography for different elbow joint angles. J. Electromyogr. Kinesiol. 2019, 45, 26-32. [CrossRef] [PubMed]

Ortega, D.G.; Housh, T.J.; Smith, R.W.; Arnett, ].E.; Neltner, T.]J.; Anders, ].P.V.,; Schmidt, R.J.; Johnson, G.O. Fatiguing Joint Angle
Does Not Influence Torque and Neuromuscular Responses Following Sustained, Isometric Forearm Flexion Tasks Anchored to
Perceptual Intensity in Men. J. Funct. Morphol. Kinesiol. 2023, 8, 114. [CrossRef] [PubMed]

Paillard, T. Training based on electrical stimulation superimposed onto voluntary contraction would be relevant only as part of
submaximal contractions in healthy subjects. Front. Physiol. 2018, 9, 1428. [CrossRef]

Doheny, E.P.; Lowery, M.M,; FitzPatrick, D.P.; O’'Malley, M.]. Effect of elbow joint angle on force-EMG relationships in human
elbow flexor and extensor muscles. J. Electromyogr. Kinesiol. 2008, 18, 760-770. [CrossRef]

Nunes, J.P; Jacinto, J.L.; Ribeiro, A.S.; Mayhew, J.L.; Nakamura, M.; Capel, D.M,; Santos, L.R.; Santos, L.; Cyrino, E.S.; Aguiar, A.F.
Placing greater torque at shorter or longer muscle lengths? Effects of cable vs. barbell preacher curl training on muscular strength
and hypertrophy in young adults. Int. ]. Environ. Res. Public Health 2020, 17, 5859. [CrossRef] [PubMed]

Petrofsky, J.S.; Phillips, C.A. The effect of elbow angle on the isometric strength and endurance of the elbow flexors in men and
women. J. Hum. Ergol. 1980, 9, 125-131.


https://doi.org/10.3389/fphys.2015.00215
https://doi.org/10.1152/jn.00620.2018
https://doi.org/10.1007/s004210000321
https://doi.org/10.1186/s12938-020-00840-w
https://doi.org/10.1007/s00421-022-04949-9
https://doi.org/10.1080/02640410903165093
https://www.ncbi.nlm.nih.gov/pubmed/19816836
https://doi.org/10.1109/86.867876
https://doi.org/10.1002/mus.20328
https://www.ncbi.nlm.nih.gov/pubmed/15795891
https://doi.org/10.1016/S1050-6411(03)00058-0
https://www.ncbi.nlm.nih.gov/pubmed/12932419
https://doi.org/10.1371/journal.pone.0058902
https://doi.org/10.1016/j.jelekin.2005.12.002
https://doi.org/10.1186/1743-0003-11-17
https://doi.org/10.1016/j.jneumeth.2006.05.018
https://doi.org/10.4015/S1016237213500208
https://doi.org/10.1007/s00421-005-1359-7
https://www.ncbi.nlm.nih.gov/pubmed/16086146
https://doi.org/10.1152/japplphysiol.00385.2020
https://doi.org/10.1038/s41598-019-52536-4
https://doi.org/10.1016/j.bbe.2015.02.002
https://doi.org/10.1007/s12541-016-0059-z
https://doi.org/10.1016/j.jelekin.2019.02.002
https://www.ncbi.nlm.nih.gov/pubmed/30776725
https://doi.org/10.3390/jfmk8030114
https://www.ncbi.nlm.nih.gov/pubmed/37606409
https://doi.org/10.3389/fphys.2018.01428
https://doi.org/10.1016/j.jelekin.2007.03.006
https://doi.org/10.3390/ijerph17165859
https://www.ncbi.nlm.nih.gov/pubmed/32823490

Sensors 2023, 23, 8165 17 of 17

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Hou, J.; Sun, Y,; Sun, L,; Pan, B.; Huang, Z.; Wu, J.; Zhang, Z. A pilot study of individual muscle force prediction during elbow
flexion and extension in the neurorehabilitation field. Sensors 2016, 16, 2018. [CrossRef] [PubMed]

Thepaut-Mathieu, C.; Van Hoecke, J.; Maton, B. Myoelectrical and mechanical changes linked to length specificity during
isometric training. J. Appl. Physiol. 1988, 64, 1500-1505. [CrossRef]

Krueger, E.; Scheeren, E.M.; Nogueira-Neto, G.N.; Button, V.L.D.S.N.; Nohama, P. Advances and perspectives of mechanomyog-
raphy. Rev. Bras. Eng. Biomed. 2014, 30, 384-401. [CrossRef]

Kubo, K.; Ohgo, K.; Takeishi, R.; Yoshinaga, K.; Tsunoda, N.; Kanehisa, H.; Fukunaga, T. Effects of isometric training at different
knee angles on the muscle-tendon complex in vivo. Scand. |. Med. Sci. Sports 2006, 16, 159-167. [CrossRef]

Martin, S.; MacIsaac, D. Innervation zone shift with changes in joint angle in the brachial biceps. J. Electromyogr. Kinesiol. 2006, 16,
144-148. [CrossRef]

Son, J.; Lee, D.; Kim, Y. Effects of involuntary eccentric contraction training by neuromuscular electrical stimulation on the
enhancement of muscle strength. Clin. Biomech. 2014, 29, 767-772. [CrossRef]

He, L.; Mathieu, P.A. Static hand posture classification based on the biceps brachii muscle synergy features. J. Electromyogr.
Kinesiol. 2018, 43, 201-208. [CrossRef]

Talib, I.; Sundaraj, K.; Lam, C.K.; Sundaraj, K. A systematic review of muscle activity assessment of the biceps brachii muscle
using mechanomyography. J. Musculoskelet. Neuronal Interact. 2018, 18, 446.

Mogk, J.P.; Rogers, L.M.; Murray, W.M.; Perreault, E.J.; Stinear, ].W. Corticomotor excitability of arm muscles modulates according
to static position and orientation of the upper limb. Clin. Neurophysiol. 2014, 125, 2046-2054. [CrossRef] [PubMed]

Barry, D.T. Acoustic signals from frog skeletal muscle. Biophys. J. 1987, 51, 769-773. [CrossRef] [PubMed]

Beck, TW.; Housh, T.J.; Cramer, J.T.; Weir, J.P; Johnson, G.O.; Coburn, ].W.; Malek, M.H.; Mielke, M. Mechanomyographic
amplitude and frequency responses during dynamic muscle actions: A comprehensive review. Biomed. Eng. Online 2005, 4, 67.
[CrossRef] [PubMed]

Pasquet, B.; Carpentier, A.; Duchateau, J. Change in muscle fascicle length influences the recruitment and discharge rate of motor
units during isometric contractions. J. Neurophysiol. 2005, 94, 3126-3133. [CrossRef]

Frangioni, ].V.; Kwan-Gett, T.S.; Dobrunz, L.E.; McMahon, T.A. The Mechanism of Low-Frequency Sound Production in Muscle.
Biophys. . 1987, 51, 775-783. [CrossRef]

Qi, L.; Wakeling, ]. M.; Ferguson-Pell, M. Spectral properties of electromyographic and mechanomyographic signals during
dynamic concentric and eccentric contractions of the human biceps brachii muscle. J. Electromyogr. Kinesiol. 2011, 21, 1056-1063.
[CrossRef]

Vaz, M.A.; Herzog, W.; Zhang, Y.T.; Leonard, T.R.; Hlhmnn, H.N. The Effect of Muscle Length on Electrically Elicited Muscle
Vibrations in the In-Situ Cat Soleus Muscle. J. Electromyogr. Kinesiol. 1997, 7, 113-121. [CrossRef]

Krishnan, C.; Allen, E.J.; Williams, G.N. Effect of knee position on quadriceps muscle force steadiness and activation strategies.
Muscle Nerve 2011, 43, 563-573. [CrossRef]

Kong, PW.; Pan, J.; Chu, D.P.,; Cheung, PM.; Lau, PW.C. Acquiring Expertise in Precision Sport—What Can We Learn from an
Elite Snooker Player? Muscle Nerve 2021, 5, 98-106. [CrossRef]

Kim, J.; Yang, S.; Koo, B.; Lee, S.; Park, S.; Kim, S.; Cho, K.H.; Kim, Y. SEMG-Based Hand Posture Recognition and Visual Feedback
Training for the Forearm Amputee. Sensors 2022, 22, 7984. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/s16122018
https://www.ncbi.nlm.nih.gov/pubmed/27916853
https://doi.org/10.1152/jappl.1988.64.4.1500
https://doi.org/10.1590/1517-3151.0541
https://doi.org/10.1111/j.1600-0838.2005.00450.x
https://doi.org/10.1016/j.jelekin.2005.06.010
https://doi.org/10.1016/j.clinbiomech.2014.06.003
https://doi.org/10.1016/j.jelekin.2018.10.003
https://doi.org/10.1016/j.clinph.2014.02.007
https://www.ncbi.nlm.nih.gov/pubmed/24630543
https://doi.org/10.1016/S0006-3495(87)83403-3
https://www.ncbi.nlm.nih.gov/pubmed/3496124
https://doi.org/10.1186/1475-925X-4-67
https://www.ncbi.nlm.nih.gov/pubmed/16364182
https://doi.org/10.1152/jn.00537.2005
https://doi.org/10.1016/S0006-3495(87)83404-5
https://doi.org/10.1016/j.jelekin.2011.08.011
https://doi.org/10.1016/S1050-6411(96)00023-5
https://doi.org/10.1002/mus.21981
https://doi.org/10.5334/paah.111
https://doi.org/10.3390/s22207984

	Introduction 
	Materials and Methods 
	Subjects 
	Experimental Protocol 
	Data Acquisition and Signal Processing 
	Statistical Analysis 

	Results 
	Effect of the Forearm Posture and Joint Angle on Torque 
	Effect of the Elbow Joint Angle and Forearm Posture on the MMG Responses to NMES 
	MMG Amplitude 
	MMG Frequency 


	Discussion 
	Effect of the Forearm Posture and Elbow Joint Angle on Torque 
	Effect of the Forearm Posture and Elbow Joint Angle on the MMG Amplitude 
	Effect of the Forearm Posture and Elbow Joint Angle on the MMG Frequency 

	Conclusions 
	References

