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environments, either using surface electrodes or fine wire electrodes inserted into the muscle. Due to
limitations such as cost, complexity, and technical factors, including skin impedance with surface EMG and
the invasive nature of fine wire electrodes, EMG is impractical for use outside of a laboratory environment.
Mechanomyography (MMG) is an alternative to EMG, which shows promise in pervasive applications.

The present study used an exerting squat-based task to induce muscle fatigue. MMG and EMG amplitude
and frequency were compared before, during, and after the squatting task. Combining MMG with inertial
measurement unit (IMU) data enabled segmentation of muscle activity at specific points: entering,
holding, and exiting the squat. Results show MMG measures of muscle activity were similar to EMG in
timing, duration, and magnitude during the fatigue task. The size, cost, unobtrusive nature, and usability
of the MMG/IMU technology used, paired with the similar results compared to EMG, suggest that such a
system could be suitable in uncontrolled natural environments such as within the home.

Muscle monitoring is of great interest in areas such as clinical assessment, rehabilitation, and sport science.
Understanding, ideally quantifying, when a muscle state (e.g., relaxed, active, or fatigued) has changed in relation
to whole body motion can assist in physical training and muscle conditioning. Furthermore, recognising the onset
of muscle fatigue can act as an indicator to limit exertion, thus preventing injury or other negative health impact.

Monitoring of muscle activity is predominantly achieved through electromyography (EMG), a method which
records the electrical response from contracting muscle fibres. While still the ‘gold standard’ EMG also has well
documented disadvantages including change in signal response because of skin impedance changes (e.g., during
perspiration), need for electrical connection to the skin, level of hardware required for collection (amplifiers, etc.),

© are typically expensive, non-portable, and require training and knowledge for sensor placement and operation,

- which reduces its applicability in use outside of a laboratory'=>. These disadvantages, which can be managed in a

. controlled environment, can be difficult to handle in pervasive settings (monitoring in a natural environment).
Despite these disadvantages, EMG is still widely used, even if EMG data are sometimes sub-optimal. Some of the
disadvantages can be alleviated by using dry electrodes or other EMG collection methods, which are popular in
portable applications like myoelectric control!. An alternative muscle monitoring technique, mechanomyography
(MMG), differs from EMG in that it measures the low-frequency (2-200 Hz) mechanical response of the lateral
oscillation of muscle fiber during contraction®. MMG offers some potential benefits over EMG, including exemp-
tion from skin impedance changes, a higher signal-to-noise ratio, and a lower sensitivity to sensor placement on
the muscle of interest®-®, however lack of established sensors and acoustic/vibrational interference have inhibited
its mainstream use. Muscle monitoring is well documented for both EMG and MMG, each producing comple-
mentary results”!!, suggesting that MMG could be used as an alternative technology in muscle monitoring.

An understanding of how muscle activity relates to whole body motion is critical in many monitoring appli-
cations. However, identifying activities or repetitions/training sets from muscle activity data is also a non-trivial
task. Segmenting data into specific tasks can be achieved by using additional information from strain gauges,
dynamometers, goniometers, cameras, or estimated with a priori knowledge'. These techniques further limit the
use of monitoring outside of a controlled environment, as they either restrict range of motion or practical use, or
are large, immobile, and expensive. An alternative to these laboratory-based techniques is therefore needed so
that motion and muscle activity can be simultaneously measured in a pervasive (natural) environment.
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Entering Held Exiting Average
Pre Post Pre Post Pre Post Pre Post
v |o26 |o28 0.19 025 0.20 023 022 | 025
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% | 7.69 31.58 15.00 18.09
MMG
Hz |7.42 ‘8.87 8.12 ‘8.98 7.51 ‘7.74 7.68 ‘8.53
MPF
% | 19.54 10.59 3.06 11.06
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RMS
% | 13.16 8.70 7.50 9.79
EMG
wop |H2 8239 ‘84.91 90.07 ‘93.51 92.65 ‘94.61 88.37 ‘91.01
% | 3.06 3.82 212 3.00

Table 1. Results of before (pre) and after (post) exertion task. Raw values (V/Hz) and percentage change (%) of
RMS and MPF between pre and post exertion, in each of the contraction periods for both MMG and EMG, are
shown. All results showed no significant difference (P > 0.05) post exertion.

The present paper demonstrates use of an inexpensive, unobtrusive, sensor package, capable of monitoring
muscle activity and change during a physical task. This is achieved using a custom MMG sensor and an inertial
measurement unit (IMU), packaged into a strap worn around the thigh. To the best of our understanding, the
unique combination of MMG and IMU technologies, as well as their application shown here, is novel and has not
yet been demonstrated. The objective of this study was to segment muscle activity phases and compare MMG and
EMG measurements of muscle activity during an exerting task, to demonstrate measures of muscle activity that
could be performed in a natural environment.

Results

Pre- and Post-Exertion. Comparisons between pre- and post-exerting activity saw an increase in root mean
square (RMS) amplitude in all contraction periods (entering, held, and exiting the squat) for both MMG and
EMG, with an average percentage increase of 18.09% and 9.79%, respectively (Table 1). No significant difference
(P> 0.05) was found post-exertion for entering, held, nor exiting for both EMG and MMG RMS results. Figure 1
shows a comparative result of each contraction period for the RMS results, for both MMG and EMG, pre- and
post-exertion.

MMG mean power frequency (MPF) saw an increase of 11.06% 10 minutes post-activity, whereas EMG MPF
saw a 3.00% increase (Table 1). No significant difference (P> 0.05) was found post-exertion for entering, held,
nor exiting for both EMG and MMG MPF results. Figure 2 shows an equivalent comparative result for the MPF
results, pre- and post-exertion.

Average knee flexion angles across all participants were estimated at 64.11° and 64.25° for pre- and
post-exertion respectively. The Wilcoxon signed rank test reported an achieved confidence of 94.09% for the data
analysed.

During Exertion. On average, the participants lasted 88.5 seconds (28.48 standard deviation) while main-
taining the wall squat. MMG RMS and EMG RMS show a significant (P < 0.01) positive linear relationship
against time during the wall squat activity, with an RMS increase of 29.35% and 15.20% for MMG and EMG
respectively. MMG MPF decreased 5.98% in frequency during the activity and resulted in a moderate linear
negative correlation against time, albeit still significant (P < 0.01). EMG MPF declined significantly (P < 0.01)
throughout the wall squat, with a strong negative linear relationship and an 18.07% decrease on average. Figure 3
shows the change in RMS and MPF for both MMG and EMG during the sustained exerting activity, represented
as a percentage of average duration.
Average knee flexion across all participants were estimated at 78.44° during the sustained exerting activity.

Discussion
The present study has shown how combining information from muscle contraction (MMG and EMG) and
dynamic movement (IMU) can enable a better understanding of human muscle and motion activity at specific
periods of contraction. This study was designed to highlight how an IMU can be used in segmentation of con-
traction periods for a more refined insight into how muscle amplitude and frequency change at specific points of
an activity; demonstrated with a squatting task seen here. Furthermore, this study tracked changes in mechanical
(MMG) and electrical (EMG) muscle activity of rectus femoris during different phases of a fatiguing activity task
using the squat in order to demonstrate this technology for potential pervasive use. Using an IMU, squatting rep-
etitions were identified and segmented into the three stages of contractile activity; entering, held, and exiting the
squat. These phases of activity involved combinations of static, dynamic, concentric, and eccentric muscle activity.
An elevated RMS and MPF were seen post-exertion for both EMG and MMG, when compared against
pre-exertion measures, however, these were not found to be significantly different. Greater changes in signal
magnitude may suggest MMG has a better response to changes in muscle force when compared to EMG, whereas
the change in frequency may suggest a higher sensitivity to changes in motor unit recruitment, although the lack
of statistical significance cannot fully verify this claim. Alternatively, the change could be influenced by any skin
or motion artefacts or sensor drift. Although these were controlled to the best of our ability it is plausible that the
results were attributed by these disturbances.
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Figure 1. Grouped participant data showing comparison of pre (red) and post-exertion (black) RMS results for
MMG (top row) and EMG (bottom row). Data have been divided into entering the squat (left column), holding
the squat (middle column), and exiting the squat (right column). EMG is hardware amplified whereas MMG
has no amplification. Standard deviation is plotted as a shaded envelope.
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Figure 2. Grouped participant data showing comparison of pre (red) and post-exertion (black) MPF results for
MMG (top row) and EMG (bottom row). Data have been divided into entering the squat (left column), holding
the squat (middle column), and exiting the squat (right column). Standard deviation is plotted as a shaded
envelope.

RMS values seen in Fig. 1 show that MMG had an overall lower signal amplitude when compared to EMG,
although it is important to note that MMG data were not amplified, whereas EMG data were, further confirming
that MMG has a larger SNR than EMG as reported in literature'.
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Figure 3. Grouped participant data showing significant (P < 0.01) changes in RMS (top row) and MPF (bottom
row) for both MMG (left column) and EMG (right column) during the sustained exerting task. Standard
deviation is plotted as a shaded envelope, as well as linear lines of best fit and the calculated Pearson’s correlation
coefficients.

MPF and frequency information presented in Fig. 2 show peak frequencies around 7-8 Hz for MMG and
80-90 Hz for EMG respectively, which falls within the expected ranges for the quadriceps'!*. Most literature sug-
gests a lower or equal MPF result for both EMG and MMG data post exertion/fatigue®!!. Results seen here show
the opposite, although the same literature stresses that this relationship is complex and relies on a variety of con-
ditions such as muscle type, level of fatigue, MVC level, length of monitoring time and time allowed post-fatigue,
and inter-participant/gender differences®!!. The differences seen in the present study are expected to be a result
of these variations, and the higher MPF is believed to be due to a larger number of muscle fiber recruitment fol-
lowing the fatiguing task.

Changes during the exerting activity of a sustained wall squat showed a significant increase in RMS and sig-
nificant decrease in MPF over time for both EMG and MMG. While MMG showed a greater change and stronger
Pearson’s correlation coeflicient over time against EMG, the opposite is true for the frequency results, showing
EMG had a greater decline in MPF against MMG. Again, this is expected from the literature, as EMG reflects the
electrical activity of muscle, which needs to adapt during sustained contraction to compensate for the loss of Type
IT motor neuron activity and progressive change to predominantly Type I motor neurons, which have lower firing
frequencies'®. Conversely, MMG reflects the mechanical output of muscle and may therefore be less sensitive to
detecting the frequency-specific components of muscle activity than EMG. However, MMG has shown an ability
to detect differences between fast (Type II) and slow (Type I) muscle fiber types!'”. Much like the pre/post exertion
results, MMG had a greater response to amplitude change than EMG, despite MMGs lack of amplification.

A few studies have examined at the level of voluntary contraction verses knee flexion in the quadriceps and
hamstring muscles during squats. The quadriceps have been found to contract at 49% MVC between 60°-90°
(entering squat), and 32% MVC between 90°-60° (exiting squat)'®. Another study has reported similar results
with a 40% MVC at 60° knee flexion for quadriceps during a held isometric squat'. Results seen here show that
the participants’ squat angles were between 64 and 78°, suggesting that the present study’s activities involved a
low MVC task.

Many studies have demonstrated an inverse relationship between EMG amplitude and frequency during sus-
tained isometric fatiguing activity, regardless of maximum voluntary contraction (MVC) intensity'®!"?°. MMG,
however, has a more complex relationship, with results suggesting an increase over time in MMG amplitude in low
intensity contractions (~5-50% MVC)!%20-2% stable in medium intensity contractions (~50-75% MVC)”10-2526
and a decrease over time in high intensity contractions (~75-100% MVC)!11:242527 during sustained isometric
fatiguing activity. Equivalent responses from MMG frequency components are less complex, with literature stat-
ing the MPF declines or fluctuates over all intensity contractions over time during sustained isometric fatiguing
activities!®1120:21:23-25.27-29 Although variations are found in amplitude and frequency components in fatiguing
studies, literature continues to agree on a strong correlation of MMG amplitude against voluntary force>”*’. The
present study recognised a significant decline in both MMG and EMG MPF during the sustained contraction.
The decline in frequency is suggested to be due to reducing motor unit firing rate in response to the low MVC
contraction force estimated in the present study'?, as well as a decline in the number of muscle fibres recruited,
which is known to occur with EMG as the muscle becomes fatigued’.

The majority of MMG studies to date have focused on isometric contractions but dynamic contractions have
also been studied, reviewed by Ibitoye et al.’!. Studies suggest that the MMG signal follows force changes more
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closely than the EMG signal, as it reflects mechanical activity>*!1*2%*. However, MMG signal amplitude and
frequency responses differ throughout the literature, and these components depend largely on the muscle being
examined and the fatiguing protocol used**.

Unlike more static systems, the IMU/MMG device relies on battery power and therefore can only be used for
alimited time. The battery life for this device is around 10 hours'?, which should be sufficient for day to day use.

MMG is also more susceptible to movement artifacts than EMG, which can affect results substantially.
This study limited these artifacts through static activities with no impact forces. Although devoid in this study,
dynamic movements and impact forces were present in our previous work which were found to be manageable
in software!?.

Although EMG values seen here can typically be compared with other EMG results presented in literature
which used wet electrode EMG, the MMG results can only be compared with other MMG articles which used a
microphone for monitoring. Although alternative technologies can be used (accelerometers and hydrophones,
etc.) it is important to note that a fair comparison can only been made between microphone studies due to differ-
ences in transducer parameters.

Furthermore, due to the small number of participants, as well as a disproportionate split of male to female, the
results presented here are expected to be limited. Literature has shown that differences in gender show differing
results in muscle properties and fatigue, which should be addressed in future work®.

The present protocol provided a useful model for using MMG to monitor exertion during different types of
muscle activity (static, dynamic, eccentric, and concentric) but more strenuous contractile activity would have
produced greater fatigue (e.g. higher force contractions or intermittent isometric contractions). An intermittent
activity model was used to enable MMG responses to be studied under conditions of more severe and long-lasting
fatigue than during sustained isometric contraction®?. The purpose of the present study was to demonstrate the
potential for the MMG/IMU device to be used in field settings for examining functional muscle activity. Here we
show that in both dynamic and static conditions RMS and MPF from MMG are comparable to EMG measures.

The technology presented here could be beneficial for monitoring fatigue in clinics, which do not have access
to equipment such as dynamometers or EMG, or in uncontrolled environments such as in the home. The amplifi-
ers and size of technology associated with EMG in the present study would make it infeasible for use in pervasive
settings. Conversely, the lightweight and portable MMG and IMU sensors were packaged into a single strap, with
no external wires or preparation requirements.

The present findings demonstrate the ability to monitor muscle activity, as well as exertion, using low-cost and
easy to use sensors, which do not require trained individuals or well-equipped laboratories.

The pervasiveness of the technology demonstrated opens the possibility of use in a far greater range of loca-
tions than current technology allows. Furthermore, the ease of application and use allows for a greater range of
personnel to use such technology, which is currently reserved for professionals and clinicians.

The present results demonstrate how motion information can be used to segment and analyse specific periods
of muscle data. However, these data were processed individually with no fusion of the datasets. Inertial, EMG, and
MMG have the potential to be combined further, to provide greater insight into electro-mechanical relationships
during muscular activity.

Other applications include the investigation for different types of fatigue (central or peripheral), due to the
ease of applying these sensors to many places on the body, such as upper and lower limb.

With less environment restrictions this technology could be used in a variety of settings, including tracking
muscle development in gyms or sporting environments, rehabilitation monitoring due to the unobtrusiveness
of the sensors, which can be worn under clothing, and (despite not its target use) can still be used in clinical
environments for assessment, including examining electro-mechanical uncoupling to study muscle physiology
(including fatigue) during functional tasks. More extreme environments might also benefit from the technology,
such as microgravity for monitoring astronauts, and under water during swimming, but would require specific
technical considerations.

In conclusion, an IMU system was used for segmentation of the data into contraction phases, which could be
used for identifying activities and training sets or analysis of contractions at specific periods. Furthermore, the
present study compared an MMG sensor system against EMG for future use in pervasively monitoring muscle
activity. The changes seen in EMG and MMG were compared against previous literature which confirmed the
expected behaviour of the signals recorded in the present study. Squatting repetitions were identified and seg-
mented into the three stages of contraction activity (entering, held, and exiting the squat) of the rectus femoris
muscle using an IMU. The MMG/IMU package is inexpensive, easy to use, and completely wireless, allowing for
use outside of a laboratory or controlled environment, during everyday activities.

Methods

Five healthy adult participants, one female and four male, were recruited for this study. This research was
approved by the Imperial College Research Ethics Committee (ICREC) and informed consent was obtained from
each participant prior to completing the study. All methods and experiments were performed in accordance
with relevant guidelines and regulations. All participants in this study gave explicit verbal and written informed
content to be included in any identifiable or non-identifiable figures, videos, or other media for any form of pub-
lication purpose (including online open-access articles). Participants were asked not to perform any strenuous
activities at least two days before the experiment to avoid the potential for any long-term muscle fatigue. We
analysed contraction data from the rectus femoris while the participants performed a wall squat to exhaustion.
Both MMG and EMG were collected concurrently with motion information from an IMU. The rectus femoris was
chosen as the muscle of interest due to its superficial location and ease of achieving reliable sensor positioning, as
well as being the subject of many other muscle-based squatting studies®-3%.
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Figure 4. Sensor configuration for this study with MMG and EMG electrodes positioned over the rectus
femoris muscle (quadriceps) 50% between the anterior spina iliaca superior and the superior part of the patella,
and the IMU parallel to the line on the lateral side of the leg. The MMG sensor was sewn into the elastic strap
and the Mylar membrane was resting upon the skin above the rectus femoris.

Prior to the study, the recording site was located over the right rectus femoris muscle on the front of the
right thigh by measuring 50% of the distance between the anterior superior iliac spine and the superior pole of
the patella, which is a known motor point®. The EMG electrode sites were shaved and abraded before adhesive
attachment. The MMG device was placed at the 50% point, with EMG electrodes longitudinally on either side of
the MMG, with 5 cm spacing between them (2.5 cm between EMG and MMG), similar to that seen in previous
literature which monitored EMG and MMG concurrently***!. The EMG reference electrode was placed on the
anterior spina iliaca superior (right side). The IMU was placed on the lateral side of the right thigh. The MMG and
IMU devices were secured to the thigh with an elasticated band and the Mylar membrane of the MMG sensor was
resting upon the skin above the rectus femoris (Fig. 4).

The EMG system used was a g.tec g.BSamp biological amplifier with a g.tec g GAMMADbox electrode driver
(gain 1000x). The MMG sensor was custom made and consisted of a microphone (Knowles SPU1410LR5H-QB)
contained within a sealed chamber with a Mylar membrane at one end which was placed against the skin atop of
the muscle of interest. Any disturbances against the membrane (e.g. because of mechanical muscle movement)
resulted in a pressure change within the chamber which the microphone detected and recorded. MMG was not
amplified. The IMU device was custom made with a 2000° per second triaxis gyroscope (STMicroelectronics
L3G4200D), a £16 g triaxis accelerometer (Analog Devices ADXL345), a 8 G triaxis magnetometer (Honeywell
HMC5883L), and a —500 to +9000 m (sea level) barometer (Bosch BMP085). The IMU also provided a four
channel analog to digital converter, which was used to collect both the EMG and MMG data. Both the MMG and
IMU devices are described in greater detail in our previous work!2.

MMG and EMG signals were sampled at 1kHz using the IMU’s auxiliary port. The inertial components (gyro-
scope, accelerometer, and magnetometer) of the IMU were sampled at 50 Hz, however, only the accelerometer
was used in this study. All data were transmitted wirelessly to a laptop via Bluetooth (class 1, V2.1). Data packets
were transmitted over the universal asynchronous receiver/transmitter (UART) protocol at a baud rate of 230400
and contained a header byte and two checksum bytes at the start and end of a packet, respectively. The header byte
indicated the type of data transmitted (IMU or auxiliary), while the checksum was used to determine successful
transmission of the data. Data transmission was tested thoroughly during development of the IMU to minimise
any latency or delay issues. No communication or dropped data packets were reported during this study.

In offline processing the MMG data were band-pass filtered between 2-100 Hz, whereas EMG was band-pass
filtered between 10-500 Hz, using a 5" order Butterworth filter. IMU data were smoothed using a moving aver-
age. All data processing was performed in MATLAB.
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Figure 5. (a) Stage one and three — Five two-legged squats held for five seconds, with a five second pause
between. Hands on hips, feet shoulder width apart. Squat angle performed to a knee flexion of 75°. (b) Stage two
— Two-legged wall squat held for as long as possible. Hands flat against the wall with knee flexion at 90°. Feet
shoulder width apart.

The study was divided into three stages. Participants performed unloaded squats to determine the muscle
response before an exerting activity (stage one), exerted their muscles during sustained isometric activity with
a wall squat (stage two), and then performed unloaded squats once more to determine muscle performance
post-exertion (stage three). Participants were instructed in the correct squatting method prior to testing, with
knee and hip flexion angles estimated. The stages are described in detailed below.

Stage One: Each participant was asked to perform five two-legged unloaded squats, where the squat
was held for five seconds, with a five second pause between each. Feet were spaced shoulder-width apart.
Hands were placed on the hips and participants were asked to squat to a 75° knee flexion and 90° hip
flexion. Estimation of knee flexion was achieved by zeroing off the accelerometer data when standing

to obtain a resting gravitational reading perpendicular with the horizontal plane. Hip and ankle flexion
were not measured and only estimated visually (Fig. 5a).

Stage Two: Following stage one, participants were immediately asked to perform the second task of a
two-legged wall squat. This consisted of them squatting with their back against a wall, with their knees
at a 90° flexion, hip flexion at 90°. Again, actual knee flexion was estimated using inertial information
from the IMU. Feet were again in line with the shoulders, with the hands placed flat against the wall. The
participant was asked to remain in this position for as long as possible. Once they could no longer hold
the position, they were asked to stand up from the wall and sit on a chair provided (Fig. 5b).

Stage Three: To recognise any remaining fatigue in the muscle, each participant was given a ten-minute
recovery period at this point before stage three began. Stage three was the same as stage one, with five
two-legged squats performed to the same knee and hip flexion angles as before (Fig. 5a).

Changes Post-Exertion. Stages one (pre-exertion) and three (post-exertion) were processed by first iden-
tifying data windows containing each of the five squat repetitions. The quadriceps contraction periods from
each squat are defined as: entering (dynamic, eccentric, i.e. movement with muscle lengthening), held (static or
isometric, eccentric) and exiting (dynamic, concentric, i.e. muscle shortening). The three stages of the squat were
isolated and analysed using the accelerometer data. Data windows containing squats were extracted at points
where the X plane accelerometer data exceeded a 10% increase and decrease in gradient from the stationary
signal. Windows with a negative accelerometer gradient were taken as the period of entering the squat, whereas
positive accelerometer gradients were taken as periods of exiting the squat. The periods between the entering and
exiting windows were determined as the held (sustained) contraction portion of the squat (Fig. 6).

For both EMG and MMG, mean amplitude RMS and MPF were determined, which are often used in defining
muscular activity. Amplitude (RMS) and frequency (MPF) data for both MMG and EMG were averaged across
each of the five squats for each of the contraction windows (entering, held, exiting) per participant, for both pre-
and post-exertion data sets. These data were then averaged across participants (n =5) to obtain an average group
result for the pre- and post- tests. RMS and MPF were represented as a percentage change between pre and post
exertion, and a Wilcoxon signed rank test was used to determine significance of change.
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Figure 6. Example of muscle phase segmentation using accelerometer data from stages one and three of the
exertion trial (figure showing data from participant 5, pre-exertion/stage one). Each repetition was detected
and the start and stop points were segmented for entering (red dot-dashed line), held (green dashed line), and
exiting (blue dotted line) the squat.
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Figure 7. Example of muscle phase segmentation using accelerometer data from stage two of the exertion trial
(figure showing data from participant 5, during exertion/stage two). Start and stop points were segmented for
the held portion of the wall squat (green dashed line).

Changes During Exertion. Stage two (during exertion) isolated the single wall squat in the same way as
stages one and three; by detecting changes in accelerometer gradient. However, this stage only processed and
analysed the period during the held contraction (Fig. 7).

The held period was divided into one second, non-overlapping windows, and each window had its RMS and
MPF calculated, for both EMG and MMG data. Participant data were then grouped and the mean RMS and MPF
was calculated.

Linear regression analysis was performed on the RMS and MPF change over time for both MMG and EMG,
and Pearson’s correlation coefficients (r) and statistical significance (P) were calculated. Furthermore, linear slope
gradients (b) and percentage change from the first (fresh muscle) and last (tired muscle) 10% of the held contrac-
tion window were also determined.

Data Availability
The datasets generated and analysed during the current study are available in a Zenodo repository, https://doi.
org/10.5281/zenodo.1299882.

SCIENTIFICREPORTS| (2019) 9:5569 | https://doi.org/10.1038/s41598-019-41860-4 8


https://doi.org/10.1038/s41598-019-41860-4
https://doi.org/10.5281/zenodo.1299882
https://doi.org/10.5281/zenodo.1299882

www.nature.com/scientificreports/

References

1.

2.

3.

=)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Ray, G. C. & Guha, S. K. Equivalent Electrical Representation of the Sweat Layer and Gain Compensation of the EMG Amplifier.
IEEE Trans. Biomed. Eng. BME 30, 130-132 (1983).

Abdoli-Eramaki, M., Damecour, C., Christenson, J. & Stevenson, J. The effect of perspiration on the sSEMG amplitude and power
spectrum. J. Electromyogr. Kinesiol. 22, 908-913 (2012).

Laferriere, P, Lemaire, E. D. & Chan, A. D. C. Surface electromyographic signals using dry electrodes. IEEE Trans. Instrum. Meas.
60, 3259-3268 (2011).

. Parker, P, Englehart, K. & Hudgins, B. Myoelectric signal processing for control of powered limb prostheses. J. Electromyogr.

Kinesiol. 16, 541-548 (2006).

. Stokes, M. J. & Dalton, P. A. Acoustic myography for investigating human skeletal muscle fatigue. J. Appl. Physiol. 71, 1422-1426

(1991).

. Xie, H.-B., Zheng, Y.-P. & Guo, J.-Y. Classification of the mechanomyogram signal using a wavelet packet transform and singular

value decomposition for multifunction prosthesis control. Physiol. Meas. 30, 441-57 (2009).

. Barry, D. T, Geiringer, S. R. & Ball, R. D. Acoustic myography: a noninvasive monitor of motor unit fatigue. Muscle and Nerve 8,

189-194 (1985).

. Stokes, M. J. Acoustic myography: applications and considerations in measuring muscle performance. Isokinet. Exerc. Sci. 3, 4-15 (1993).
. Orizio, C. Muscle Sound: Bases for the Introduction of a Mechanmyographic Signal in Muscle Studies. Crit. Rev. Biomed. Eng. 21,

201-243 (1993).

Orizio, C., Perini, R., Diemont, B. & Veicsteinas, A. Muscle sound and electromyogram spectrum analysis during exhausting
contractions in man. Eur. J. Appl. Physiol. Occup. Physiol. 65, 1-7 (1992).

Esposito, E, Orizio, C. & Veicsteinas, A. Electromyogram and mechanomyogram changes in fresh and fatigued muscle during
sustained contraction in men. Eur. J. Appl. Physiol. Occup. Physiol. 78, 494-501 (1998).

Woodward, R. B., Shefelbine, S. J. & Vaidyanathan, R. Pervasive Monitoring of Motion and Muscle Activation: Inertial and
Mechanomyography Fusion. IEEE/ASME Trans. Mechatronics 22, 2022-2033 (2017).

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. 13,2499-2516 (2013).

Dalton, P. A. & Stokes, M. J. Frequency of acoustic myography during isometric contraction of fresh and fatigued muscle and during
dynamic contractions. Muscle and Nerve 16, 255-261 (1993).

Bilodeau, M., Schindler-Ivens, S., Williams, D. M., Chandran, R. & Sharma, S. S. EMG frequency content changes with increasing
force and during fatigue in the quadriceps femoris muscle of men and women. J. Electromyogr. Kinesiol. 13, 83-92 (2003).

Taylor, J. L., Amann, M., Duchateau, J., Meeusen, R. & Rice, C. L. Neural contributions to muscle fatigue: From the brain to the
muscle and back again. Med. Sci. Sports Exerc. 48, 2294-2306 (2016).

Orizio, C. & Veicsteinas, A. Soundmyogram analysis during sustained maximal voluntary contraction in sprinters and long distance
runners. Int. J. Sports Med. 13, 594-599 (1992).

Isear, J., Erickson, J. & Worrell, T. EMG analysis of lower extremity muscle recruitment patterns during an unloaded squat. Med. Sci.
Sports Exerc. 29, 532-539 (1997).

Schaub, P. A. & Worrell, T. W. EMG activity of six muscles and VMO:VL ratio determination during a maximal squat exercise. J.
Sport Rehabil. 4,195-202 (1995).

Tarata, M. T. Mechanomyography versus electromyography, in monitoring the muscular fatigue. Biomed. Eng. Online 2, 3 (2003).
Blangsted, A. K., Vedsted, P, Sjogaard, G. & Segaard, K. Intramuscular pressure and tissue oxygenation during low-force static
contraction do not underlie muscle fatigue. Acta Physiol. Scand. 183, 379-388 (2005).

Madeleine, P, Jorgensen, L. V., Segaard, K., Arendt-Nielsen, L. & Sjogaard, G. Development of muscle fatigue as assessed by
electromyography and mechanomyography during continuous and intermittent low-force contractions: Effects of the feedback
mode. Eur. J. Appl. Physiol. 87,28-37 (2002).

Madeleine, P. et al. Spectral moments of mechanomyographic signals recorded with accelerometer and microphone during sustained
fatiguing contractions. Med. Biol. Eng. Comput. 44, 290-297 (2006).

Itoh, Y., Akataki, K., Mita, K., Watakabe, M. & Itoh, K. Time-Frequency Analysis of Mechanomyogram during Sustained
Contractions with Muscle Fatigue. Syst. Comput. Japan 35, 26-36 (2004).

Orizio, C.,, Perini, R. & Veicsteinas, A. Changes of muscular sound during sustained isometric contraction up to exhaustion. J. Appl.
Physiol. 66, 1593-1598 (1989).

Goldenberg, M., Yack, H., Cerny, F. & Burton, H. Acoustic myography as an indicator of force during sustained contractions of a
small hand muscle. J. Appl. Physiol. 70, 87-91 (1991).

Kouzaki, M., Shinohara, M. & Fukunaga, T. Non-uniform mechanical activity of quadriceps muscle during fatigue by repeated
maximal voluntary contraction in humans. Eur. J. Appl. Physiol. Occup. Physiol. 80, 9-15 (1999).

Weir, J. P,, Ayers, K. M., Lacefield, J. F. & Walsh, K. L. Mechanomyographic and electromyographic responses during fatigue in
humans: influence of muscle length. Eur. J. Appl. Physiol. 81, 352-359 (2000).

Herzog, W., Zhang, Y. T., Vaz, M. A., Guimaraes, A. C. & Janssen, C. Assessment of muscular fatigue using vibromyography. Muscle
and Nerve 17, 1156-1161 (1994).

Orizio, C., Esposito, E.,, Alfonsi, E. & Umana, F. Surface mechanomyogram refects the changes in the mechanical properties of
muscle at fatigue. Eur. J. Appl. Physiol. Occup. Physiol. 80, 276-284 (1999).

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. 29, 691-704 (2014).

Dalton, P. A., Comerford, M. J. & Stokes, M. J. Acoustic myography of the human quadriceps muscle during intermittent fatiguing
activity. J. Neurol. Sci. 109, 56-60 (1992).

Dalton, P. & Stokes, M. Acoustic myography reflects force changes during dynamic concentric and eccentric contractions of the
human biceps brachii muscle. Eur. J. Appl. Physiol. Occup. Physiol. 63, 412-416 (1991).

Beck, T. W. In Applications of Mechanomyography for Examining Muscle Function (2010).

Wiist, R. C. I, Morse, C. I, De Haan, A., Jones, D. A. & Degens, H. Sex differences in contractile properties and fatigue resistance of
human skeletal muscle. Exp. Physiol. 93, 843-850 (2008).

Lynn, S. K. & Noftal, G. J. Lower Extremity Biomechanics During a Regular and Counterbalanced Squat. Journal of Strength and
Conditioning Research 26, 2417-2425 (2012).

Gryzlo, S. M., Patek, R. M., Pink, M. & Perry, J. Electromyographic analysis of knee rehabilitation exercises. J. Orthop. Sports Phys.
Ther. 20, 36-43 (1994).

Sousa, CdeO. et al. Electromyograhic activity in squatting at 40°, 60° and 90° knee flexion positions. Rev. Bras. Med. do Esporte 13,
280-286 (2007).

Seniam. Recommendations for sensor locations on individual muscles. Available at, http://seniam.org/sensor_location.htm.
(Accessed: 9th March 2015).

Beck, T. W. et al. Mechanomyographic and electromyographic time and frequency domain responses during submaximal to
maximal isokinetic muscle actions of the biceps brachii. Eur. J. Appl. Physiol. 92, 352-359 (2004).

Kimoto, A. & Yamada, Y. A new layered sensor for simultaneous measurement of EMG, MMG and oxygen consumption at the same
position. Med. Biol. Eng. Comput. 53, 15-22 (2015).

SCIENTIFIC REPORTS |

(2019) 9:5569 | https://doi.org/10.1038/s41598-019-41860-4 9


https://doi.org/10.1038/s41598-019-41860-4
http://seniam.org/sensor_location.htm

www.nature.com/scientificreports/

Acknowledgements

The authors would like to thank all participants involved in this study, as well as the Human Robotics group at
Imperial College London for use of their facilities and equipment. This work was supported by the James Dyson
Foundation as well as the EPSRC (EP/F01869X).

Author Contributions

Dr. Woodward had full access to all the data in the study and takes responsibility for the integrity of the data
and the accuracy of the data analysis. Study concept and design: R.W., R.V. and S.S. Acquisition of data: R.-W.
Analysis and interpretation of data: R.W., S.S., ML.S. and R.V. Drafting of the manuscript: RW,, S.S., M.S., R.V.
Obtained funding: R.V. and S.S. Administrative, technical, or material support: R.W. Study supervision: R.V,, S.S.
The manuscript has been read and approved by all named authors.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:5569 | https://doi.org/10.1038/s41598-019-41860-4 10


https://doi.org/10.1038/s41598-019-41860-4
http://creativecommons.org/licenses/by/4.0/

	Segmenting Mechanomyography Measures of Muscle Activity Phases Using Inertial Data

	Results

	Pre- and Post-Exertion. 
	During Exertion. 

	Discussion

	Methods

	Changes Post-Exertion. 
	Changes During Exertion. 

	Acknowledgements

	Figure 1 Grouped participant data showing comparison of pre (red) and post-exertion (black) RMS results for MMG (top row) and EMG (bottom row).
	Figure 2 Grouped participant data showing comparison of pre (red) and post-exertion (black) MPF results for MMG (top row) and EMG (bottom row).
	Figure 3 Grouped participant data showing significant (P < 0.
	Figure 4 Sensor configuration for this study with MMG and EMG electrodes positioned over the rectus femoris muscle (quadriceps) 50% between the anterior spina iliaca superior and the superior part of the patella, and the IMU parallel to the line on the la
	Figure 5 (a) Stage one and three — Five two-legged squats held for five seconds, with a five second pause between.
	Figure 6 Example of muscle phase segmentation using accelerometer data from stages one and three of the exertion trial (figure showing data from participant 5, pre-exertion/stage one).
	Figure 7 Example of muscle phase segmentation using accelerometer data from stage two of the exertion trial (figure showing data from participant 5, during exertion/stage two).
	Table 1 Results of before (pre) and after (post) exertion task.




