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Abstract
Analyzing, predicting, and decoding electrical and mechanical responses of the human muscu-
lar system in reaction to neural drive have attracted a great deal of interest in both medical and
bioengineering fields. The common goal is to understand (and possibly model) the neurophysio-
logical behaviour and to translate that into actionable functions. Mechanomyography (MMG) is a
myographic signal modality which records the mechanical activity of the muscle fibres during a
contraction. This modality has been investigated in the past specifically thanks to the benefits that
it can propose in comparison with other modalities, such as electromyography (EMG). Specifically,
the non-invasive mechanical nature of MMG makes it suitable to tackle the limitations of more es-
tablished methods which rely on electrical activity. However, despite the existing literature, there
are several unknown factors affecting the usability of mechanomyography signals for clinical and
non-clinical applications.

This thesis introduces novel wearable MMG sensing technology that sheds light on the functional-
ity, modelling, and information context of this neural interfacing modality.

The first part of this thesis introduces a new mode for MMG signal capture by the modulation
of normal pressure at the sensor location, enabling a systematic evaluation of different levels of
contact force between the sensor and the skin. Seven able-bodied and three amputee participants
took place in an experiment that consisted of the analysis of acoustic MMG activity under different
levels of contact force for the classification of hand gestures. The muscles of interest for this
analysis were the flexor carpi radialis (FCR), brachioradialis (BRD), extensor digitorum communis
(EDC), and flexor carpi ulnaris (FCU). Results of this study indicate that increasing levels of normal
force between the sensor and the skin can improve the discriminative power content of the MMG
signal, showing user-specific patterns of improved classification at different levels of contact force.
These user-specific results suggest an influence of physiological and anthropomorphic factors on
the properties of the MMG signal. In addition, these results provide further evidence on the effect of
the level of contact force between the sensor and the skin and not only demonstrate the importance
of sensor-to-skin attachment but also provide a better notion of the parameters to be considered
when analysing MMG activity.

A second study was conducted to investigate the feasibility of the MMG modality in the analysis of
functional muscle networks. A functional muscle network is a concept developed in the last decade
which describes the functional organization of groups of muscles that play a role in the execution
of a motor task. In this study, mechanomyography is introduced as a potential tool to evaluate func-
tional synchronization and muscle connectivity based on the mechanical response of the muscles.
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The analysis encompasses the study of the same muscles analysed previously in the evaluation of
contact force vs acoustic MMG. Ten able-bodied and three amputee participants took part in this
study, which consisted of the execution of four sustained hand gesture tasks. MMG muscle ac-
tivity acquired from all four muscles was used to perform functional muscle connectivity analysis
at multiple frequency bands to evaluate the topological characteristics of MMG information at low
(i.e., < 5Hz) and high (i.e., > 12 Hz) activation frequencies. The resulting muscle networks showed
distinct topological signatures and specific significant differences (p-value<0.0028) in the network
characteristics describing the functional segregation of the networks (i.e., clustering coefficient)
across gestures and frequencies. The results also showed evident topological differences between
demographics, amputees and able-bodied. These results show the potential of MMG as a tool to
evaluate functional muscle connectivity and provide key insights into the neural circuitry involved
in motor coordination. The findings demonstrate the feasibility of MMG for the mapping of syner-
gistic functional synchronization of upper-limb muscles and provide a basis for the translation of
the analysis into clinical applications.

A third study was conducted in this thesis to exploit the multi-directionality property of MMG and
evaluate muscle connectivity networks in the context of a multi-dimensional space based on mus-
cle fibre alignment. The study not only explores the usability of MMG to generate multi-dimensional
muscle networks but also examines the use of intermuscular coherence for human intention de-
tection based on the multi-directionality space of accelerometer MMG and the effect that contact
force variations have on the spectrotemporal properties of this MMG modality. In this study, for
the first time, three-dimensional muscle networks are proposed based on orthogonal vibrational
mechanomyography (vMMG) to evaluate the functional co-modulation of muscles across multiple
frequency bands and along the longitudinal, lateral, and transverse directions of the muscle fibres.
MMG activity was collected from twenty subjects using a custom-made armband of accelerometer
sensors while participants performed four hand gestures. Target muscles and gestures were simi-
lar to those selected in the previous studies. IMC from all superficial muscles was decomposed into
the constituent frequency bands of MMG (1-5 Hz, 5-12 Hz, 12-40 Hz). Muscle connectivity networks
were generated for all frequency bands for each gesture along the three anatomical directions of
muscle fibre alignment. Results show distinct topographical differences across frequency bands,
gestures, and directions, and provide further evidence to support the use of vMMG in muscle con-
nectivity analysis. This study also shows the feasibility of using vMMG-based muscle networks to
compose a feature space for the classification of multiple hand gestures. To evaluate the transla-
tional capacity of the proposed technique, an analysis is also conducted on the effect of contact
force, considering the changes in quality and discriminative power of vMMG. No statistical evi-
dence was observed when a higher level of contact force was applied, supporting the robustness
of the vMMG muscle networks to variations in sensor placement and tissue compression.

Through the above-mentioned three studies conducted in this thesis, it can be concluded that MMG
not only offers a solution for those applications where EMG is not feasible, but it also shows to be a
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potential tool for clinical and non-clinical applications. The results of these studies showing limita-
tions and the potential of the myographic signal provide the opportunity to improve the design and
applicability of the technology and enable the use of the signal in new areas where MMG has not
yet been applied. Results presented in this thesis show the effect that attachment of the sensors to
the skin has on both modalities of the signal (i.e., accelerometer and microphone) and guide future
studies en route to exploit the properties of the signal as much as is viable based on the desired
application. The analysis of functional muscle connectivity networks opens a new area of use for
MMG to expand the analysis of muscle synergies and further apply the analysis and technique in
the context of prosthetics, rehabilitation, and assistive devices.
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Chapter 1

Overview
Findings on the studies of mechanomyography (MMG) carried out in this doctoral thesis
are summarized in this chapter. An overview of the objectives, methodologies, and key
contributions of each study are also included.

Studying the neurophysiological responses of the human peripheral nervous system through vari-
ous myographic modalities has been performed in the literature for clinical diagnosis [70, 75] and
for neural interfaces, such as those used in prosthesis [50, 106] and exoskeletons [37]. The major-
ity of these applications rely on the use of electromyography (EMG), a myographic modality that
captures the electrical activity of the muscles during a contraction. Despite the fact that EMG has
been established as the standard myographic modality for the vast majority of these aforemen-
tioned applications, there are still some significant challenges that exist with the practical uses
of this modality, such as (a) variations due to skin conditions and impedance (for example due to
sweating on the sensor site), (b) high sensitivity to sensor positioning, (c) the need for clean electri-
cal electrode-skin contact surface, and (d) expensive hardware requirements for electromagnetic
noise cancellation and sophisticated signal amplification [1, 100, 153]. All of these challenges have
restricted the use of EMG in commercial-powered prosthetic limbs and applications for in-home
conditions. As an alternative approach, mechanomyography (MMG) has attracted a great deal
of interest in the field of prosthetics and rehabilitative devices since it is a low-cost myographic
modality which records the mechanical responses of the muscle activation as opposed to the elec-
trical activity of the motorneurons [76]. Measuring mechanical responses can add some benefits
in terms of usability in home and unconditioned environments. In the literature, MMG has been
acknowledged for its low sensitivity to skin conditions and low variability of response over time of
use in unstructured environments. This minimizes the need for the skin to be cleaned, dry, and per-
fectly conditioned for the whole duration of use. Examples of the use of MMG technology are the
evaluation of muscle fatigue [82], muscle strength [208], balance [10], muscle function [97], or the
analysis of the mechanical response of the muscle after exercise [69]. Other applications of MMG
technology include the examination of neuromuscular disorders [98], and prosthetic limb/robotic
control [55, 201, 207]. However, various findings in the study of mechanomyography have empha-
sized the importance of having a better understanding of the limitations of the technology behind
MMG signal capture and the relation of these limitations with anthropomorphic and physiological
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factors. Based on the literature, sensor attachment to the skin has proved to be an evident factor
showing different effects on the signal characteristics depending on the method and the strength
of the attachment. This thesis seeks to shed more light on some of these understudied limita-
tions and their relation to the different properties of the signal. The literature shows evidence that
changes in sensor attachment parameters may have some overall alteration on the quality of the
MMG signal, however, these studies do not provide insight into how changes in the attachment
characteristics can be used to extract more useful information for analysis and use regarding hu-
man motor intent.

The coordinative activation of groups of muscle is controlled by the central nervous system (CNS)
for the execution of complex motor tasks. The CNS simplifies these tasks by controlling groups
of muscles, also called muscle synergies, as opposed to individual muscles [29]. Studies in the
analysis of motor activity have found that the musculoskeletal system and the nervous system
work together to be able to perform this functional coordination of muscle synergies for the exe-
cution of a motor task [47, 188]. This functional synchronization of muscles suggests a common
neural drive, which at the level of the muscles has been studied by a method called intermuscular
coherence (IMC). Coherence analysis has been largely used to study and quantify the synchroniza-
tion between motor neurons. As such, it has been further used to analyze the neural input to the
muscle synergies based on the common spectral characteristics of the signal, typically EMG, by
a method called muscle network analysis. Muscle network analysis is a novel method developed
in the last decade which is used to investigate the functional connectivity between muscles in-
volved during motor tasks by analysing specific characteristics of the neural drive which enable
the CNS to encode this synchronous functional organization and simplify the execution of those
tasks. Functional muscle networks describe the functional synchronization of synergies during
the execution of motor tasks by decomposing the IMC into frequency bands of commonly multi-
channel electromyography signals. However, these methods have yet to be used to determine the
outcome of coherence and muscle network analysis when implemented based on MMG activity.
Temporal and spectral features of the MMG signal have been found to contain essential informa-
tion regarding motor unit recruitment strategies and firing rate, providing the neurophysiological
basis for their use in coherence analysis. The feasibility of implementing coherence and muscle
connectivity analysis to evaluate functional muscle networks based on MMG activity give the ability
to investigate the motor function from a mechanical neurophysiological perspective by providing
additional information regarding the motor function and the muscle mechanical response to the
synchronous neural activation, as well as providing the basis for future applications in the clinical
setting.

In this thesis, a method for using MMG activity as a tool for coherence and muscle network analysis
is introduced for the first time in the literature. The study is motivated by evidence in the literature
demonstrating the complementary characteristics between EMG and MMG and the potential for
the latter to provide more usable information about the neurophysiology of motor activity. The find-
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ings and characteristic topologies of muscle networks based on MMG activity could provide novel
insights into the neural basis of muscle synergies. Also, the analysis of MMG-based functional
muscle networks can offer a new toolset for examining the neural circuitry involved in the motor
function.
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1.1 Objectives
The objectives and research questions that this doctoral thesis addresses and the hypothesis
for each research paradigm are organized by the studies presented in each chapter as listed be-
low.

1. Chapter 3: Effect of contact force on acoustic MMG activity
This chapter focuses on investigating the effect of different levels of contact force on the
signal properties and the discriminative power of the acoustic MMG signal.
Method of investigation:
In order to perform this study in a systematic manner, the following methodology is followed:

• Development of a wearable custom-made armband to evaluate the MMG response when
different levels of contact force are applied.

• Analysis of the relationship between MMG and three different levels of contact force re-
garding the quality and discriminative power of the acoustic MMG signal.

Hypothesis:
Specifically, the hypothesis to be investigated include:

• An increase in normal force will affect the visco-elastic properties of the muscular tissue
(due to its nonlinear nature) which will cause changes in the properties of the MMG signal
as it impacts the propagation of mechanical waves related to muscle activation.

• An optimal level of normal force, meaning an optimal strength of sensor attachment to
the skin can be used to enhance the signal quality of MMG.

• Changes in the MMG signal quality due to variations in the level of force between the
sensor and the skin are reflected in the discriminative power of a classification model
when discerning between multiple motor tasks.

2. Chapter 4: Muscle connectivity network analysis using MMG
This chapter focuses on introducing coherence and muscle network analysis based on MMG
activity for functional network analysis in healthy and impaired muscles.
Method of investigation:
In order to perform this analysis, the following method for investigation is followed:

• Intermuscular MMG-based coherence extraction between superficial upper-limb muscles
during the execution of sustained contractions.

• Decomposition of the MMG-based coherence spectral space into frequency bands for the
generation of functional muscle networks.
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• Generation and analysis of functional connectivity networks in all spectral bands by the
use of MMG across a cohort of amputee and able-bodied participants.

Hypothesis:
The hypothesis to be investigated include:

• The MMG information captured across its different components related to muscle acti-
vation which are evident at multiple frequency bands will be reflected in the unique char-
acteristics of muscle networks between frequency bands.

• Based on the role that each muscle has during the execution of different hand gestures, it
is expected to find distinctive muscle network topologies for the different hand gestures.

• Muscle networks extracted from able-bodied participants will show evident topographical
differences compared to muscle networks of amputees due to the physical alterations of
the muscles and the level of activity of the residual muscles.

• Muscle networks from each amputee participant will not only reflect physical alteration
of the muscles but also the neural adaptation of the neuromuscular activation, resulting
in unique topographies for each amputee participant.

3. Chapter 5: Analysing three-dimensional muscle networks using MMG
This chapter focuses on studying functional muscle connectivity by the use of multi-dimensional
MMG using accelerometer-based sensors. The analysis not only explores the multi-dimensional
space of the sensor in the context of coherence and muscle network analysis but also studies
the effects of contact force on this modality of MMG.
Method of investigation:
This analysis is performed following the method described below:

• Adaptation of custom-made armband developed in chapter 3 for the study of accelerom-
eter MMG.

• Derivation of functional intermuscular connectivity between forearm muscle pairs by the
use of the aforementioned armband comprised of multi-axis MMG transducers during the
execution of different hand gesture tasks.

• Decomposition of the MMG-based coherence spectra at low-, medium-, and high-frequency
bands for the generation of functional muscle networks.

• Generation and analysis of gesture-based muscle connectivity networks across all spec-
tral bands for each direction of muscle fibre alignment.

As part of this study, the analysis of contact force on accelerometer-based MMG is also
performed and includes the following methodology:
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• Temporal and spectral feature extraction under two different levels of contact force.

• Implementation and analysis of a classification model based on the intermuscular coher-
ence extracted.

• Analysis and comparison in classification performance between single-axis vs multi-axis
trained models.

Hypothesis:
The hypotheses to be investigated are:

• Muscle networks will not only show distinct topographical characteristics across ges-
tures and frequency bands but also across axes as the signal propagates differently in all
directions.

• A higher level of normal force between the sensor and the skin for accelerometer MMG
will alter the propagation properties along the different directions of muscle fibres which
will show evident effects in the spectrotemporal properties of the signal.

• Changes in the spectral properties of the MMG signal caused by the increasing levels of
normal force will result in evident variations in the performance of classification models
built based on the intermuscular coherence between muscles.

• The multi-directional trained classification model will surpass the classification perfor-
mance of single-axis trained models as the former encompasses all the unique charac-
teristics of the MMG activity along the different directions of the motor fibre alignment.
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1.2 Thesis Overview
This thesis is structured in five chapters in addition to this overview.

• Chapter 2 gives background details in order to contextualise the work and explain its relevance.
This chapter describes the aspects of mechanomyography that are relevant to the research
presented in this thesis as well as describing the investigations most relevant to this thesis
around the use of MMG to obtain our current understanding.

• Chapter 3 seeks to introduce a new modality for MMG, namely MMG-plus-One. This chapter
describes in detail the process of developing this sensor as well as the methodology to carry
out experiments in which different levels of contact force are applied to the sensor-skin loca-
tion. The experiments described here explore the information captured by the new sensing
modality. The chapter contains the analysis and discusses the results and findings. Chapter 3
contains elements taken from the published conference paper in AIM 2020 [115] and elements
from the journal paper published in IEEE Transactions in Neural Systems and Rehabilitation
Engineering (TNSRE) [36].

• Chapter 4 describes a set of experiments that use the aforementioned armband to introduce
the analysis of functional muscle connectivity networks by the use of mechanomyography.
This chapter details the methodology used for the spectral decomposition of MMG informa-
tion and the muscle network analysis introduced based on coherent spectral information. Re-
sults from this chapter have been published in IEEE Transactions on Biomedical Engineering
(TBME) [116].

• Chapter 5 describes additional experiments regarding the use of multi-channel multi-directional
MMG transducers for the introduction of multi-dimensional muscle networks. Different levels
of contact force using accelerometer mechanomyography are also evaluated to determine
the changes in the characteristics of the MMG signal under different levels of contact force
and evaluate such effects in muscle connectivity. The results of this work are currently un-
der review for publication as of October 2022 in IEEE Transactions on Biomedical Engineering
(TBME).

• Chapter 6 is a summary chapter which describes related works of MMG and the research gaps
that this doctoral thesis has addressed. Results are discussed in the context of continuing
the research and future perspectives of the work, including potential avenues for new sensing
technologies.
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1.3 Contributions
The contributions of this thesis include the following:

Chapter 3: Effect of contact force on acoustic MMG activity
To summarize, the contributions of this chapter are:

• Introduction of a novel wearable MMG armband that has an additional degree of freedom
for changing the levels of contact force for MMG-based man-machine interfacing.

• Method for analysis of the relationship between MMG and different levels of contact force
regarding the quality and discriminative power of the acoustic MMG signal.

Chapter 4: Muscle connectivity network analysis using MMG
In summary, the main contributions of this chapter are:

• Method for the identification of functional intermuscular connectivity between superficial
upper-limb muscles by the use of MMG.

• Identification of different muscle network topologies for different hand gestures.

• Identification of characteristic topologies for the different frequency bands of the MMG
signal.

• Identification of characteristic topologies of muscle network patterns for able-bodied and
amputees.

• Identification of alterations in muscle network characteristics associated with amputation.

Chapter 5: Analysing three-dimensional muscle networks using MMG
In summary, the main contributions of this chapter are:

• Method for the derivation of functional intermuscular connectivity between superficial
muscle pairs at low, medium, and high-frequency bands by the use of multi-directional
MMG transducers during the execution of different hand gesture tasks.

• Identification of multi-dimensional muscle networks, based on intermuscular coherence
extracted from each axis of accelerometer MMG.

• Identification of different muscle network topologies and muscle network characteristic
differences between gestures, frequencies, and axes.

• Method for the analysis of the relationship between accelerometer MMG and two different
levels of contact force regarding the quality and discriminative power of the signal.
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• Method for the implementation of a novel classification model based on intermuscular
coherence derived from MMG activity.

• Comparison of classification performance of IMC-based models trained using uni-
directional information vs the combination of all directions.

1.3.1 Publications
Journal Papers

• C. S. M. Castillo, S. F. Atashzar and R. Vaidyanathan, ”3D Muscle Networks based on Vibrational
Mechanomyography” in IEEE Transactions on Biomedical Engineering, IEEE Transactions on
Biomedical Engineering, in review – October 2022.
Author Contributions: Conceptualization, writing, review and editing C.S.M.C., S.F.A., and R.V.;
Experiments and Analysis, C.S.M.C.

• C. S. M. Castillo, R. Vaidyanathan and S. F. Atashzar, ”Synergistic Upper-Limb Functional Mus-
cle Connectivity Using Acoustic Mechanomyography” in IEEE Transactions on Biomedical En-
gineering, vol. 69, no. 8, pp. 2569-2580, Aug. 2022, doi: 10.1109/TBME.2022.3150422.
Author Contributions: Conceptualization, writing, review and editing C.S.M.C., R.V., and S.F.A.;
Experiments and Analysis, C.S.M.C.

• C. S. M. Castillo, S. Wilson, R. Vaidyanathan and S. F. Atashzar, ”Wearable MMG-Plus-One
Armband: Evaluation of Normal Force on Mechanomyography (MMG) to Enhance Human-
Machine Interfacing” in IEEE Transactions on Neural Systems and Rehabilitation Engineering,
vol. 29, pp. 196-205, 2021, doi: 10.1109/TNSRE.2020.3043368
Author Contributions: Conceptualization, writing, review and editing C.S.M.C., S. W., R.V., and
S.F.A.; Experiments and Analysis, C.S.M.C.

• Gardner M, Mancero Castillo CS, Wilson S, Farina D, Burdet E, Khoo BC, Atashzar SF, Vaidyanathan
R. A Multimodal Intention Detection Sensor Suite for Shared Autonomy of Upper-Limb Robotic
Prostheses. Sensors. 2020; 20(21):6097. https://doi.org/10.3390/s20216097.
Author Contributions: Conceptualization, R.V., M.G., D.F., E.B. and B.C.K.; Experiments and
Analysis, C.S.M.C., M.G., R.V., S.F.A., B.C.K. and S.W.; Writing-review & editing, C.S.M.C., M.G.,
R.V. and S.F.A.

Conference Papers

• C. S. M. Castillo, S. F. Atashzar and R. Vaidyanathan, ”3D-Mechanomyography: Accessing
Deeper Muscle Information Non-Invasively for Human-Machine Interfacing,” 2020 IEEE/ASME
International Conference on Advanced Intelligent Mechatronics (AIM), 2020, pp. 1458-1463,
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doi: 10.1109/AIM43001.2020.9159036.
Author Contributions: Conceptualization, writing, review and editing C.S.M.C., S.F.A., and R.V.;
Experiments and Analysis, C.S.M.C.

The Ethics application used for the studies conducted in this thesis was originally submitted by
Marcus Gardner in 2016 and subsequently amended for the continuing studies.
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Chapter 2

Literature Review
This chapter introduces the various aspects of mechanomyography that this thesis ad-
dresses. Applications, uses, limitations, latest research, and research gaps are also
presented.

This chapter discusses the physiology behind mechanomyography (mechanical and neuromus-
cular), the characteristics of the signals and the methods employed to measure it. The literature
focuses on the features of the signal, uses of the signal characteristics for different applications,
limitations of MMG technology, and the motivation for the studies carried out in this thesis.
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2.1. Introduction Phenomenon of Mechanomyography

2.1 Introduction

2.1.1 Physiology of voluntary muscle contraction
Muscles can be divided into cardiac, smooth, and skeletal. Out of these three types of muscles,
skeletal muscles are the ones responsible for motor activities. Contrary to smooth and cardiac
muscles, skeletal muscles are mainly activated voluntarily. This type of muscle functions together
with the bones to be able to produce body movements. Their main function includes locomotion,
body support and stabilization, temperature regulation, and protection of internal organs. Skeletal
muscles are composed of a series of tissues and membranes. Muscles are surrounded by a con-
nective tissue called the epimysium, a dense fibrous irregular tissue that surrounds the skeletal
muscle and protects them from friction against neighbouring muscles, bones, and other tissues
[163].

A muscle is formed by bundles of muscle fibres. These groups of muscle fibres are called fasci-
cles. Surrounding the fascicle there is another connective tissue layer called perimysium. Muscle
fibres, also called muscle cells, are surrounded by a connective tissue called endomysium. It is this
connective tissue through which blood vessels and nerve fibres enter the muscle. The membrane
surrounding the muscle fibre and sitting underneath the endomysium is called the sarcolemma, an
excitable plasma membrane that shares many properties with the neuronal cell membrane. Skele-
tal muscle is a complex biological material that is composed of muscle fibres and extracellular
tissue consisting of the epimysium, perimysium, and endomysium. These three connective tis-
sues are continuous with one another, meaning that once a contraction occurs at a muscle fibre
level, it is transmitted continuously from the endomysium to the perimysium, subsequently to the
epimysium and in turn to the bone, thus producing force and movement [117]. Figure 2.1 shows an
illustration of the structure of the skeletal muscle.

The function of a muscle also depends on its insertion and origin. The proximal attachment to the
muscle is known as the origin while the distal attachment is known as the insertion. In other words,
muscle origin refers to the attachment of the muscle to the fixed or more stable bone. If the muscle
is attached to a bone that remains immobile during the activation of the muscle, the location of
the attachment is called the ’origin’ of the muscle. On the other hand, if the muscle is attached to
a bone that moves during the muscular action, the attachment is called ’insertion’. For example,
the extensor digitorum communis, a superficial muscle located in the forearm, has two points of
attachment: one origin at the lateral epicondyle of the humerus and one insertion on the extensor
expansion of the medial four digits. During muscle activation, the origin remains immobile while
the insertion produces extension of the medial four digits or extension of the wrist [117]. Almost all
skeletal muscles are connected to bones, either directly or by a tendon or aponeurosis.

A single muscle fibre consists of hundreds of rod-like elements called myofibrils. These myofib-
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Figure 2.1: Skeletal muscle structure. Thin and thick protein filaments function together forming
myofibrils. Groups of myofibrils form a muscle fibre. These muscle fibres constitute the fascicles
which bundled together form a muscle. Reprinted with permission from [163]. See appendix 7.1 for
© information.

rils consist of sarcomeres within which overlapping thick and thin filaments contain the proteins
myosin and actin, respectively. The functional units of the muscles are the sarcomeres. Each my-
ofibril is composed of a series of sarcomeres joined together. While the different types of muscle
(i.e., smooth, cardiac, skeletal) differ in many aspects, they all rely on actin sliding against myosin
to create muscle contraction and relaxation. In skeletal muscle, contraction is stimulated at each
cell by nervous impulses that release acetylcholine at the neuromuscular junction, creating ac-
tion potentials along the cell membrane. Skeletal muscles contract as the binding of acetylcholine
takes place. The neural signal travels through a network of tubules known as t-tubules to reach
the myofibrils, hence innervating the muscle fibres. Upon receiving the neural signal, the myosin
cross-bridges are activated and bind strongly with actin causing the sliding of actin and myosin fil-
aments. The actin filament is pulled and slides past the myosin filament shortening the sarcomere
and propagating along the skeletal muscle structure to finally produce force.
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Figure 2.2: Illustration of motor neuron innervation of muscle fibres via motor units. Reprinted
with permission from [163]. See appendix 7.1 for ©information.

2.1.2 Functional Muscle Groups
Skeletal muscles can be generally classified into four functional moves depending on the move-
ment performed. These are agonists, antagonists, synergistic, and fixators. Agonist muscles are
the prime movers for a particular action [117]. At the same time, the antagonist muscles work in
reverse of that specific action in order to keep the prime movers from overextending. Synergistic
muscles support the prime movers and help stabilise the joints against dislocation. If a syner-
gistic muscle immobilizes the muscles’ origin bone for the agonist to be more effective, then the
synergistic muscle is called a fixator.

2.1.3 Motor Units
Muscles are coordinated by the commands sent from the central nervous system directly to motor
units [73]. A motor unit (MU) is a single motor neuron and all the muscle fibres it innervates, all of
which are of the same type, i.e., either fast twitch or slow twitch muscle fibres. Since all muscle
fibres listen to only one neuron they act together as a unit. Motor units are the functional building
blocks of muscle fibres. An illustration of the attachment of motor units with muscle fibres is shown
in Figure 2.2. Motor neurons may synapse and innervate various muscle fibres. Groups of motor
neurons innervating hundreds of muscle fibres form a large motor unit. These big units are typically
found in muscles that perform big movements, e.g., walking. The innervation ratio of a muscle is
the average number of muscle fibres per neuron in a muscle. As an example, the thigh muscle
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has an innervation ratio of 1000 or higher while a hand muscle has an innervation ratio of 100.
Muscle fibres are spread throughout the muscle. When the motor unit is stimulated the resulting
contraction is propagated through the entire muscle. Electrical stimulus originated at the level of
the motor neurons and known as action potentials travel through the axons of these cells down to
the motor units to eventually produce a muscular contraction. When a muscle cell is innervated by
a single action potential, the fibres rapidly contract and release. During this brief period, the force
rises to a maximum to then rapidly fall back down to a relaxed state. This phenomenon is known
as a muscle twitch, and it occurs in three stages, the latent period, the period of contraction, and
the period of relaxation [163].

The latent period consists of the instant immediately after a muscle fibre is stimulated by a nerve
when calcium ions are flowing into the sarcomeres to remove the proteins tropomyosin and tro-
ponin from the actin. In this phase, the stimulus has arrived, but no force is being produced. After
this period, contraction occurs by the sliding of the filaments when the myosin heads are binding
continuously, producing muscle contraction. This later phase is known as the period of contrac-
tion. After the contraction, the relaxation period starts when the fibres slowly slide back down as
the calcium invades the sarcoplasmic reticulum and the actin and myosin stop the binding cycle.
Muscles can produce a variety of smooth forces, called graded muscle responses. These are gen-
erally affected by the frequency and strength with which the muscle is stimulated. In this way,
muscles increase their force by increasing the frequency with which motor neurons are firing. The
faster the nerve impulses fire, the stronger each successive twitch gets. Muscle force is a product
of the number of myosin heads bound to actin in each sarcomere. More frequent activation results
in more calcium being released enabling more available binding sites which in turn produce more
force. In this way, continuous twitches are added together as they get closer in time, a phenomenon
called temporal summation. Once all of the actin-binding sites are exposed and the myosin heads
are no longer able to run through a sliding cycle, muscle force cannot increase anymore. This
stage is called tetanus, a period of maximum tension of the muscle where force cannot increase
any longer. Eventually, the finite supply of Adenosine triphosphate (ATP) results in a limited period
during which vigorous muscle activity can be maintained. Prolonged muscle contraction leads to
fatigue of the muscle.

As mentioned before, twitches are driven by action potentials, which have only one intensity. Due
to this reason, the frequency with which action potentials are fired is the only mechanism to create
a range of forces. However, action potentials travel down motor units at different speeds and rates,
allowing for smoother contractions. Contractions intensify as motor neurons stimulate more and
more muscle fibres; a process known as motor unit recruitment/summation. Depending on the
level of force to be exerted, motor units of different sizes are activated gradually. In this sense, small
motor units are activated by the most excitable neurons, then larger motor units with larger muscle
fibres are activated, thereof increasing the strength of the contraction, and finally, the largest motor
units are activated. Hence, the more motor units are recruited, the greater the force that can be
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generated. In addition to the number of fibres recruited, the amount of force also depends on the
size of the muscle fibres (i.e., the size of the muscle), the frequency of the stimulation, and the
degree to which the muscle stretches at the level of the sarcomeres. Skeletal muscle fibres can be
categorized based on the speed of contraction and the amount of strength they produce. In this
way, there are two types of muscle fibres. Type I fibres are referred to as slow-twitch fibres and
have the ability to contract slowly and repeatedly for long periods. Type II are fast-twitch fibres and
have a fast contraction speed able to produce high strength and power. Each fibre type possesses
distinct metabolic and contractile properties which are driven by its motor unit composition. In
terms of speed of contraction, slow twitch fibres take approximately 110 ms to reach the highest
tension, while fast twitch fibres reach the highest possible tension at 50ms [160].

In summary, the central nervous system regulates force production by modulating and balancing
motor unit recruitment and firing rate activity. During voluntary isometric and concentric contrac-
tions, motor units are recruited in the order of their size. The first MU to be recruited are small
motor units which commonly contain slow-twitch muscle fibres and possess the lowest activation
threshold. As higher levels of force are needed, larger motor units with faster and stronger capa-
bilities (i.e., fast-twitch) are recruited [160]. The neural activation produced by the motor neurons
is transmitted in the form of a series of impulses to the muscle fibres at different frequencies. The
frequency of action potential transmission is called the firing rate. These frequencies are regulated
based on the demand to produce and modulate force from frequencies low enough to produce a
series of single twitches, hence producing low-level contractions, to frequencies high enough to
produce twitch summation as higher production of force is required. In general, the firing rate of a
motor unit increases with the demand for higher muscle effort up until a maximum rate is reached
(tetanus).
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2.2 Mechanomyography
Mechanomyography is the term assigned to the mechanical signal produced when a muscle con-
traction occurs. It has been shown that the signal is composed of different factors: the gross
lateral movement of the muscle once a contraction is initiated, subsequent smaller lateral oscil-
lations which vibrate at the muscles’ resonant frequency, and dimensional changes produced by
activation of muscle fibres [14, 128, 130]. During a muscle contraction, a shortening of the long axis
of the muscle occurs as the myosin (thick filaments) of the muscle fibres slide past the actin (thin
filaments). These changes in muscle length cause further dimensional changes in the transverse
axis of the muscle. These dimensional changes along with the lateral oscillation of the muscle
produce vibrations at low frequencies, which can be measured on the surface of the skin. These
low-frequency vibrations have been named acoustic-myogram [11], sound-myogram [138], phono-
myogram [118], vibro-myogram [216] or accelerometer-myogram [102]. However, in 1995 all these
metrics were accorded to be named mechanomyography (MMG) [177].

2.2.1 MMG detection techniques
There has been increased interest in research and applicability of MMG, in particular regarding
sensing technology and signal processing techniques for MMG’s wider utilization. The MMG sig-
nal originates from a muscle contraction as the length of the muscle fibres shortens and the fibre
diameter increases [51]. During a muscle contraction, as the muscle fibres shorten and the muscle
is being pulled towards its origin, the transverse diameter of the muscle changes in shape (in-
creases) at the level of the muscle belly [136]. The lateral oscillations of the muscles as well as
the dimensional changes of the fibres produce pressure waves that propagate through muscle tis-
sue and are detectable on the surface of the skin. These pressure waves are generally detected
as acceleration signals captured by sensors such as an accelerometer or as a skin displacement
signal acquired by piezoelectric contact sensors [195], laser distance sensors [132], or condenser
microphones [129]. Even though each transducer measures the same phenomenon, the signal ac-
quired is influenced by the nature of the signal acquisition transducer, meaning that the sensor
utilized could potentially introduce different loading pressure and mechanical obstruction on the
skin, In addition, each transducer may present different levels of sensitivity to the MMG signals and
external artefacts. The different sensing technology employed for MMG detection has been thor-
oughly validated [76, 129, 179]. Standardization of the signal has been suggested for reproducibility
and consistency of the measurements [76]. As mentioned, the MMG signal properties may vary de-
pending on the physical quantity measured (e.g., acceleration or displacement) [196]. However, the
muscle action, as well as the size and type of muscle also play an important role in the selection
of a transducer. Measurements that are acquired in the fundamental units of vibration (i.e., m/s2)
are preferable for the purpose of comparative studies [18]. However, each transducer comes with
its disadvantages and limitations.
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Micro-electromechanical system (MEMS) microphones are one of the most common sensing tech-
nologies that have been widely used in the literature to acquire MMG activity [129]. These sensors
are typically attached to the surface of the skin by the use of custom-made elastic straps [168].
In [196], evidence showed that the use of microphones to capture the MMG activity, also known
as acoustic MMG, shows robustness against motion artefacts compared to other MMG sensing
technology such as accelerometers [92, 196]. However, the same study showed that the spec-
trotemporal properties of the signal are influenced in great part by the dimensions and shape of
the air chamber. Furthermore, acoustic MMG has been shown to have some level of sensitivity to
the pressure with which the sensor is attached to the skin [171]. The frequency spectrum of the
acoustic MMG has shown to resemble the spectral activity of that of the double integral of the ac-
celerometer transducer, suggesting that the microphone transducer acts as a displacement-meter
acquiring the MMG signal [196].

Accelerometer sensors are another type of transducer commonly used for MMG signal acquisition.
Some of the advantages of accelerometers are their lightweight and therefore ease of fixation to
the skin, commonly done by the use of double-sided adhesive tape. Another important advantage
is the sensitivity to low frequencies, making it an ideal tool for MMG data collection. Given that no
extra pressure is applied to the skin at the sensor location, the interference with muscle activity
is minor. Thanks to the fact the physical units collected using accelerometers have a physical
representation, comparison between studies is facilitated. Advantages of accelerometer-based
MMG in comparison to other formats of MMG modalities, the following can be mentioned: (a) the
high bandwidth of the accelerometer-based MMG [195], (b) the independence of the signal quality to
coupling methods of the transducer to the muscle (i.e., accelerometers do not necessarily require
direct contact with the skin), (c) the small dimensions and lightweight [197], and (d) the ability
to measure muscle mechanical response in the 3-axis (longitudinal, lateral, and transverse) with
respect to the muscle fibres.

Lastly, laser distance sensors have also been used in the literature to measure skin displacement
during muscle activities. These sensors output a direct current voltage proportional to the distance
between the transducer sensing beam and the skin. Similar to accelerometers, one of the main ad-
vantages of this transducer is the physical representation of its output (mm). Other characteristics
include the bandwidth of the sensor, as high as 10 kHz, the high resolution of the information (µm),
and the ease of use thanks to the fact that the transducer does not require to be attached to the
skin. However, due to the fact that the sensor does not require skin attachment, its use outside the
laboratory and clinical settings remains limited.

Previous studies have shown that the signal acquisition method should be selected according to
the experimental needs [177]. For example, accelerometers and laser sensors are typically used in
studies involving isometric and sustained contractions thanks to their characteristic ease of use
[129]. Microphones, being more robust to external artefacts compared to the other MMG transduc-
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ers, are more suitable for MMG signal acquisition during dynamic activities [196]. A big amount of
effort has been put into developing multi-sensing transducers which can not only collect the MMG
activity but at the same time detect ambient noise and external disturbances. Thanks to the ability
of both sensors (i.e., accelerometer and microphone) to pick up vibrations, they have both been
used for noise cancellation of background noise. In this regard, a combination of microphone-
accelerometer transducers [166], and microphone-microphone transducers [202] have been pro-
posed to detect background noise. By applying a thresholding method [166], or a mathematical
source-separation approach [167] it is possible to separate the MMG signal from ambient noise,
thus providing a cleaner signal.

There have been various investigations dedicated to mitigating the presence of motion artefacts in
the MMG signal. The most common are Fourier-based techniques which include the use of Butter-
worth band-pass filters of different orders [99]. Other approaches include Fourier truncation [59],
coherence analysis [80], and restricting body movement during tasks [212]. More recently, a novel
empirical decomposition method has been proposed in order to minimize the level of distortion
introduced by motion artefacts [194]. The challenge of minimizing the effect of motion-induced
artefact in the MMG signal is well documented and numerous studies have proposed different
methods in this regard [149]. According to the literature, the recommended technology for MMG
activity capture is acoustic MMG (i.e., microphones) [196] and piezoelectric contact sensors [25],
in particular for those applications involving dynamic activities and where external and motion-
induced artefacts cannot be avoided [95].

The MMG signal is characteristic for containing power information at frequencies below 100 Hz
[138]. Various studies have shown that the majority of MMG power information resides at frequen-
cies lower than 30 Hz [128, 130], however, depending on the muscle of interest, other studies have
found MMG power information at frequencies between 2-120 Hz [27]. In this respect, the cut-off
frequency of filters applied to the signal is generally applied in the range of 1-120 Hz.

2.2.2 Characteristics of the MMG technology
It has been suggested in the literature that for the signal to be reliable, minimal interference be-
tween the muscle surface and the sensor needs to exist, including any interference caused by
the weight of the sensor, particularly for accelerometers [197]. The desirable characteristics of an
MMG transducer should include (a) high sensitivity to low-frequency vibrations; (b) ease of use and
attachment to the skin; (c) a skin-friendly characteristic; and (d) robustness against external arte-
facts [45]. In addition, sensor firmness while attached to the skin and the level of contact pressure
should be considered in order to reduce the variability of the signal between trials [171]. The muscle
location for placement of the sensor plays a significant role in the MMG signal acquisition. It has
been demonstrated that the predominant frequency in the spectral characteristics of MMG corre-
lates positively with the firmness with which the sensor is attached [31]. In addition, the skin-fold
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Figure 2.3: Representation of (a) microphone and (b) accelerometer MMG signals collected from
the biceps brachii muscle during the execution of voluntary contractions. Adapted with permission
from [196]. See appendix 7.2 for ©information.

thickness may affect the MMG signal to some extent due to the attenuation of the MMG waves
passing through soft tissue from muscle fibres to the transducer [81]. The MMG signal charac-
teristics have shown to be dependent on the transducer being used [25]. Fig 2.3 shows the MMG
signals acquired with two different types of transducers, microphone and accelerometer.

Given the mechanical nature of the MMG signal, the acquisition of the same may be eased thanks
to the fact that no additional hardware is required to mitigate electrical noise interference, as it
occurs with EMG. Contrary to EMG, the MMG signal acquisition can be realised by a single sensor
without the need for a reference signal. Thanks to these advantages, MMG technology results in a
cost-effective solution for bio-signal detection [76]. One of the main benefits of MMG against other
myographic modalities is that MMG signals are not influenced by changes in skin impedance. As
such, skin preparation is not required during sensor attachment to the skin. Nevertheless, for con-
sistency and signal integrity, it is recommended to ensure a consistent level of sensor-skin contact
pressure. Whenever possible, the experimental design should be carefully designed such that arte-
facts and crosstalk from muscles non-related to the motor task at hand can be isolated. Custom-
made commercially available dynamometers have been proposed to mitigate the effects of cross-
talk in the signal [78]. However, the adverse effect of motion-induced artefact and crosstalk in
the MMG signal is well recognized in the literature [182]. Tremor, clonus, and other forms of arte-
facts have been suggested to be inherent characteristics of muscle contractions [74] which reside
within the low-frequency band (<10 Hz), therefore overlapping with the active frequencies of the
MMG signal. Therefore, it is important for investigations to apply efforts into applying methods to
minimize this effect and mitigate these artefacts for the analysis of reliable mechanomyographic
activity [12].
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The signal sampling rate is based on the muscle of interest and the available hardware. According
to the Nyquist-Shannon sampling theorem, the sampling rate should be at least twice the high-
est frequency content of the signal [205]. Hence, for MMG signal the sampling rate should be
at least 200-250 Hz since MMG power information has been found at frequencies up to 120 Hz
[27]. Nonetheless, a common sampling rate for MMG activity in the literature is 1-2 kHz [41, 45]. A
higher sampling rate has been used to determine phase differences between sensors placed along
the longitudinal and transverse axis of the muscle [142]. It is a common practice to select the sam-
pling rate within the standard limits at the same time as considering the storage space available. In
order to save system storage, it can be safely recommended that the sampling frequency be kept
at 1 KHz.

2.2.3 Muscle Physiology - MMG Prospects
The MMG signal has been verified to contain valuable information on the underlying neuromuscu-
lar parameters responsible for muscle contraction, making them a reliable tool for muscle function
assessment [135]. Numerous investigations have shown how properties derived from vibration,
acceleration, and displacement can be used to evaluate muscle activity and performance [76]. Fur-
thermore, spectrotemporal features of the MMG signal have been used for the analysis of muscle
physiology at the motor unit level [181]. Muscle contractile properties have been linked to prop-
erties of the MMG signal [95]. Analysis of physiological aspects related to muscle condition and
performance include muscle stiffness, muscle dehydration, muscle contractile properties, muscle
contraction mechanics, and exercise hypertrophy [181].

MMG has been utilized for the assessment of motor unit strategies and the study of muscle me-
chanics [38]. The signal properties have proved to be fundamental when assessing muscle function
and performance in the medical field [77]. Thanks to the emergence of new MMG sensing technol-
ogy, the physiological aspects analysed by MMG broaden the potential of the signal and invite
the use of MMG in new fields. The literature shows that, during the last decade, there has been
an increase in the amount of research and investigations conducted to support the application of
MMG as a reliable clinical tool for understanding and assessing different muscular properties [76,
191].

There are a number of studies that have used MMG technology for the analysis of the contractile
properties of muscles. These contractile properties include time delay (Td), contraction time (Tc),
half relaxation time (Tr) and maximal amplitude (Dm), all of which contain relevant information
about muscle stiffness [147] and muscle deformation [169]. A high number of investigations have
focused on the use of MMG for the assessment of muscle fatigue [39, 96, 184, 209]. MMG has also
been extended to applications regarding muscle damage to monitor muscle performance during
rehabilitation [179]. As previously mentioned, the quality of the MMG signal is affected by physio-
logical factors such as muscle stiffness (type of muscle), muscle length, and intramuscular fluid
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pressure [26]. MMG signals collected from impaired muscles reflect lower amplitude, lower fre-
quency, and longer duration of activity when compared to healthy muscle signals [134, 154].

As previously described, during a muscular contraction the muscles involved contract and relax
such that the force produced is a result of the firing frequency and the recruitment strategy of the
active motor units. The MMG response to a single twitch shows a brief impulse response denoted
by a fast rise in the amplitude with biphasic [145] or polyphasic [17] oscillations that slowly decay
over time. Typically the MMG response to single evoked twitches is in the range of 60-90 ms [134].
The temporal characteristics and the distinct shape of the MMG response to evoked twitches sug-
gest that MMG represents the mechanical response of the activity produced by active motor units
[145]. MMG has been suggested to represent muscle fibre twitch activity summation where the
amount of active muscle fibre twitches amount to the characteristics of the signal [137, 146]. How-
ever, the relationship between motor unit firing frequencies and MMG output shows a non-linear
behaviour. The amplitude of the MMG signal has shown to decrease as motor unit stimulation
increases, indicating a connection between MMG activity response and contractile properties of
activated motor units, in particular, the development of fusion of individual motor twitches [211].
In [142], their analysis showed that during isometric voluntary contractions the muscle remains in
a state of vibration in which all locations along the longitudinal axis of the muscle vibrate in phase
and sensors located on opposite sides of the longitudinal axis of the muscle vibrate with opposite
phases, thus confirming the bending movement of the muscle during a contraction and suggest-
ing that the MMG signal is a reflection of the muscle as a global resonant structure to the local
fluctuations of pressure as opposed to a response to fluctuations derived from the asynchronous
summation of motor unit twitches.

During motor activity, an increase in force results in different types of muscle fibre activation. Ini-
tially, slow-twitch fibres are activated at low forces. As the force increases, fast-twitch muscle
fibres are innervated. Once all the relevant motor units are activated force is dynamically con-
trolled by the frequency of the firing rate of those motor units. During this recruitment of motor
units, the MMG root mean square (RMS) value has shown to increase as more motor units are
recruited. Similarly, an increase in the mean power frequency (MPF) of the MMG signal has been
found with increasing global MU firing rates [26]. Slow-twitch motor units are initially activated with
further increases in force recruiting additional fibres which are reflected by an increase in the RMS
of the MMG signal. Recruitment of additional fast-twitch motor units results in an increase in RMS
and MPF of the MMG signal. At high force, the RMS of the MMG signal decreases, associated with
motor unit fusion, while MPF increases as the firing rate of the motor units play a higher role in the
production of force. A linear relationship between the contraction force and RMS amplitude of the
MMG signal has been demonstrated for the forearm muscles [140]. In summary, the amplitude of
the MMG signal has been shown to correlate with motor unit activation while the frequency of the
signal shows a relationship with motor unit firing rate [26, 76].

C.S.M.C. Perspectives of Mechanomyography 45



2.2. Mechanomyography Phenomenon of Mechanomyography

2.2.4 MMG Applications
Mechanomyography measures the mechanical response of the muscle to the motor units’ acti-
vation during a muscular contraction [60]. As previously mentioned, studies have demonstrated
a correlation between the motor unit recruitment strategy and the amplitude of the MMG signal
[210]. Similar studies have been conducted to further investigate the relationship between motor
unit recruitment and MMG signal activity [40, 135]. A comprehensive analysis of the spectrotem-
poral characteristics of the MMG signal was conducted by [39] and [159] to shed more light on
the mechanism involved in force generation and the different aspects of neuromuscular functions.
MMG activity has been used to analyse the differences in motor control during force modulation for
static and dynamic tasks in voluntary [108] and non-voluntary muscular tasks [18]. Previous studies
have shown that the recruitment and firing rate of motor units are dependent on the intensity of the
contraction [140, 154]. Accordingly, MMG properties were later studied to conduct research about
motor unit activation and firing rate strategies [14, 137].

As the mechanical response of muscle activity, MMG has been used for a number of studies includ-
ing the assessment of properties such as muscle strength [119], balance [10], muscle function [97],
mechanical responses during exercise [122], and vastly applied in the analysis of fatigue [15, 67, 82,
112, 164]. Thanks to its advantages compared to other myographic modalities and its ease of use,
MMG has also been used in clinical applications to detect and monitor muscular pain [57, 109, 133,
138], monitor neuromuscular blockade during anaesthesia [66, 190], monitor the dystrophic pro-
cess [134], diagnose muscle disease [14], diagnose muscle hypertrophy and atrophy [179], provide
biofeedback in ergonomics [111], and to control externally powered prostheses [11, 168, 207]. One
important characteristic of MMG is its robustness to electrical interference, which makes it a good
candidate signal to replace EMG for unsuitable applications of such a technology [128]. Thanks
to this characteristic of MMG, research has been conducted on the analysis of the signal for the
examination of neuromuscular disorders [6, 98], and the facilitation of prosthetic control methods
[207, 214].

All the literature mentioned above shows evidence of the widespread use of MMG technology in
different studies and fields. MMG offers a non-invasive method to evaluate muscular function
while providing indicators of functional and physiological parameters of the muscles during motor
activities. Thanks to the mechanical nature of the signal, the underlying process of muscle fibre
activation that generates muscular contractions could be better analysed [76]. Further investigation
of the signal is needed in order to better understand the potential and limitations of the signal before
translation of the technology into the clinical setting [75]. Therefore, the studies presented in this
doctoral thesis intend to expand on the potential and constraints of the MMG signal.
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2.3 Mechanomyography Parameters
Applications of MMG activity for research and clinical purposes have been well-documented [75,
76]. A combination of linear and non-linear methods for time and frequency domain analysis has
been used to study the MMG signal for different applications. During static activities, the signal
can be assumed to be stationary, allowing for conventional parameter extraction methods to be
applied. However, variations caused by changes in muscle length, number of active motor units,
and skin-fold thickness, among other factors result in a non-stationary signal during dynamic tasks
[53, 81]. Feature extraction methods largely depend on the type of muscle activity (i.e., static or
dynamic) since the spectral and temporal characteristics vary accordingly [75]. Thus, the applica-
tion of the conventional time series analysis methods is carefully considered when analysing the
MMG signal. Appropriate selection of a processing method is crucial for an objective analysis of
the MMG characteristics.

Commonly used temporal features of the MMG signal include peak-to-peak (PTP) amplitude, root-
mean-square (RMS), mean average value (MAV), and average rectified values (ARV). Spectral pa-
rameters of the signal include mean power frequency (MPF), median frequency (MDF), centre fre-
quency (CF), and frequency variance (FV) [75]. Furthermore, joint time-frequency methods have
been proposed to extract MMG parameters, including short-time Fourier transform (STFT), and
wavelet transform (WT). These spectrotemporal parameters have been widely used across stud-
ies to estimate muscle contractile properties during muscle activities. Differences in the method-
ologies employed, muscle activity, and the purpose of the studies often dictate the number of
parameters extracted.

The well-established and widely studied theory behind EMG provides a foundation for signal pro-
cessing methods to analyse MMG [215]. Therefore, many of the signal processing technique meth-
ods applied to EMG have been translated for their application in MMG studies to relate the signal
characteristics with the functional and physiological aspects of muscle activity. Similar to EMG sig-
nal processing, MMG undergoes a filtering process to clean the signal off external artefacts before
the extraction of signal features. Commonly, these extracted features, which retain muscular con-
tractile information, are employed for the classification of different muscular tasks [217]. Similarly,
MMG signal features have been used for real-time practical implementations such as the evaluation
of muscular performance [212]. Applications of MMG features have been used for the analysis of
muscle fatigue monitoring [67], motor unit activation strategies [26], force estimation [159], muscle
fibre distinction [68], control of muscle machine interfaces [11, 57], muscle performance evalua-
tion in individuals with limited voluntary skills [48] and clinical examination of muscular disorders
[75].

The literature shows different techniques to analyse the temporal and spectral parameters of MMG.
Commonly, traditional methods using Fourier-based analysis are employed to analyse the power
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spectra of the MMG signal. Fourier analysis has been applied to determine the spectral patterns of
normalized MMG and EMG during fatiguing dynamic actions [20]. However, the complex relation-
ships between the time and frequency content of the signal call for more sophisticated approaches
to account for the non-stationarity of the signal. These techniques include WT and STFT, and other
methods to compute time-frequency representations. due to the non-stationarity of the signal.
Studies have shown that WT algorithms exhibit good performance in the detection of muscle ac-
tivity [5]. Wavelet analysis combined with singular value decomposition has been used success-
fully for the classification of hand gestures [207]. Due to the non-stationary characteristic of the
MMG signal, time-frequency methods may result in a better tool for pattern recognition of func-
tional grasps [4]. MMG activity acquired during dynamic activities can be classified using Fourier
or Wavelet methods. The latter has been a preferred technique due to the non-stationary nature
of the MMG signal. However, MMG can be described as a time-varying signal whose power in-
formation resides at multiple frequencies. In order to fully describe the physiological phenomena
underlying the MMG activity, a time-variant and frequency discriminative approach is needed. Such
a candidate method is the Hilbert transform, an equivalent method to Fourier and wavelet trans-
forms for the analysis of time-varying signals.
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2.4 MMG-Challenges
As previously described, MMG signal parameters have been used for a number of applications
across different fields. An important application of MMG is the discrimination of muscle fibre
types and the evaluation of muscle performance [76]. There is a continuous interest in the de-
velopment of MMG technology that could require minimal sensor and skin preparation while be-
ing easily fixable to the skin. Thanks to the advantages of MMG compared to the EMG modality
discussed earlier, the signal has increasingly gained interest in clinical and out-of-the-laboratory
settings as a complementary tool to EMG. Thanks to the nature of MMG, mechanical deviations
of motor functions between healthy and injured limbs have been possible [144]. Furthermore, tem-
poral and spectral components of MMG have been utilised to estimate motor control strategies
during dynamic activities [22] by applying wavelet analysis to extract time and frequency-related
features while maintaining a good level of resolution across the MMG frequency range (i.e., 1-120
Hz) [27]. However, MMG presents limitations and caveats when it comes to variations in anthropo-
logical parameters. For example, changes in muscle length, the thickness of the skin at the sensor
location, muscle fibre compositions, and the motor unit recruitment strategy have been found to
affect the properties of the MMG signal [53].

One of the main caveats of MMG technology is its sensitivity to the presence of external artefacts.
Multiple studies have found that the most common types of MMG transducers (i.e., microphones,
accelerometers, and piezoelectric sensors) are susceptible to different sources of external arte-
facts [38]. For example, Silva et. al. [165] found that during the execution of motor activities, limb
movement produces a significant amount of motion artefacts which are detected by microphone
MMG. Another anthropological factor which also was found to affect the condition of the MMG
signal is the thickness of the fat skin layers of the dermis [81]. Frequency domain variations of the
signal seem to be dependent on the thickness of the tissue between the sensor and the skin. This
phenomenon occurs due to the fact the muscle tissue, such as the layers of the dermis and ten-
dons, act as low-pass filters to MMG activity, effectively changing the spectral characteristics of
the signal [79]. Results presented by Posatskiy and Chau [149] show that during dynamic activities,
microphone-based MMG sensors are a better tool against motion-induced artefacts compared to
accelerometer MMGs, in accordance with [175] who showed a higher degradation of the signal-
to-noise ratio for accelerometer-based MMG compared to microphone MMG. However, the main
complication with microphone MMG is the dependency of its spectrotemporal properties on the
dimensions of the air chamber [196], a paradigm that is yet to be fully understood.

To minimize the presence of external artefacts in MMG, guidelines applied in the analysis of EMG
are also commonly used in MMG studies [215]. One of the most common considerations is the
location of the sensor with respect to the origin of the signal. This distance, between the sensor
and the signal source, has been shown to play a significant role in the acquisition of consistent
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MMG activity between trials [171]. These results are in accordance with other investigations [138,
175], where the findings show a signal with better characteristics when the sensor is located over
the muscle belly compared to when the sensor is located closer to the periphery of the muscle, in
particular when the location is closer to the tendon. However, Beck et. al., [19] showed a high level
of association between sensors’ placement in different axis/planes on the same muscle. These
results were followed by studies which showed that the MMG signal shape does not depend on the
sensor placement location, however, the amplitude of the signal does vary with the sensor location
[42, 51]. For larger muscles, e.g., trapezius or latissimus dorsi, MMG activity collected from the
same muscle site may not reflect the whole mechanical activity of the muscle, resulting in signals
with variations in shape and amplitude which are dependent on sensor placement [19].

Sensor firmness during the attachment to the skin must be maintained to mitigate the variability of
MMG signal characteristics during multiple trials, ensuring the consistency of the acquired signal
[171]. As mentioned, the consistency of recording the MMG activity also depends on the sensor po-
sitioning and the uniformity of the location. Findings in [31] showed that the dominant frequencies
of the MMG signal (below 30 Hz) positively correlate with the firmness of the attachment between
the transducer and the skin. Even though skin preparation is not needed for the collection of MMG
activity, considerations must be kept in order to reduce the effects of motion-induced artefacts.
MMG is not influenced by skin conditions and does not require rigorous preparation during muscle
activity acquisition [7], however, the appearance of external artefacts and variations due to sensor-
to-skin attachment is a common problem in the study of the signal. In the case of accelerometers,
standard practice is the use of double-sided tape to fix the MMG sensor to the skin while ensuring
constant pressure. The effects of wiring in any type of transducer are considered negligible as it
does not interfere with MMG signal collection and as long as the fixation method is not impaired
by the movement of the wiring. For microphone-based MMG the use of elastic straps and custom-
made Velcro bands is commonly employed. In general, since MMG activity is greatly influenced
by the sensor attachment, sensor location, thickness of the subcutaneous layers, and the relative
size and weight of the sensor, appropriate noise reduction techniques must be adopted. Similarly,
the use of appropriate signal processing methods is needed to obtain reliable MMG parameters
[22]. Equally important is the design of the experimental protocol and the proper delivery of guid-
ance and instructions to the participants such that familiarization with the experimental protocol
and experimental setup is carried out and systematic repetition of trials is achieved across par-
ticipants. There still exists the need for further research to achieve a better understanding of the
MMG response to more complex static and dynamic activities [76]. Particular attention may need
to be paid to factors which could influence the MMG response such as skinfold thickness, sensor
position, sensor orientation, and environmental noise. Furthermore, sensor selection has to be
carefully considered in muscle assessment during static and dynamic motor tasks since technical
characteristics of the signal have shown to be dependent on the type of sensor used [25].
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2.5 Motivation
Electromyography is the myographic modality most widely established across research and clinical
applications for muscle activity analysis. In particular, surface electromyography has been used
in the majority of studies involving muscle activity. However, the caveats of this modality lay in
the need for specific skin conditions, the sensitivity of the signal to variations in skin conditions
(electrode-skin impedance) and sensor positioning, and the need for specific hardware require-
ments [1, 100, 153]. Temporal and spectral features of the EMG and MMG signal have been corre-
lated in multiple studies to show the relationship between the electrical and mechanical response
of the muscle during the production of muscle torque output [62], force [110], and on fatigued mus-
cle during static isometric and dynamic actions [170], all of which supports the validity of MMG
to analyse the mechanical properties of the muscle response. Mechanomyography offers a good
myographic alternative at a low cost and with higher ease of use. MMG records the mechanical
response of the muscle contractions in the form of vibrations retaining functional and physiologi-
cal characteristics within its properties [41] at the same time that is distinctively less sensitive to
variations in skin conditions [76]. As mentioned earlier, MMG can be collected using a variety of
different types of transducers, the most common being accelerometers [197], piezoelectric con-
tact sensors [195], and microphones [196]. Even though each one of these mechanical transducers
captures the same MMG activity, the means and the method with which this signal capture occurs
for each sensor are different, which renders them more or less effective depending on the applica-
tion. For example, accelerometers have been found to return a better estimation of MMG activity
compared to piezoelectric sensors thanks to the linear characteristic of the spectral space of the
signal [195]. Microphone MMG, on the other hand, has proved to be better suited for dynamic activ-
ities compared to accelerometers and piezoelectric sensors as these two technologies are more
susceptible to motion artefacts [196]. However, these three types of MMG sensors have a com-
mon limitation related to factors affecting the MMG signal intrinsically such as external sources of
noise and anthropomorphic variations between subjects [76]. Furthermore, MMG has been shown
to provide limited information when used as a stand-alone sensor as opposed to a multi-channel
system primarily due to the fact that force production, which in turn drives the MMG signal as dis-
cussed previously, is dependent on the location of motor units [111]. This behaviour has motivated
investigators to implement multi-channel configurations of MMG transducers for a better analysis
of the muscular activity. A system using a multi-channel MMG sensor approach should result in
a more suitable tool to analyse motor functions. As a multi-channel sensor system improves the
MMG signal capture it remains susceptible to the common factors affecting the signal. A factor
which has repeatedly been mentioned in the literature to affect the MMG signal is the level of force
found between the sensor and the skin regardless of the attachment method. This effect has been
documented in a number of studies using different kinds of MMG transducers [31, 105, 149]. The
literature shows only a small number of studies focused on the evaluation of the relationship be-
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tween contact force attachment and MMG activity [171, 195, 197]. The findings of this limited bank
of information on the effect of contact force suggest that depending on the type of MMG tech-
nology being used and the amount of force with which this sensing technology is attached to the
skin, the MMG temporal and spectral properties vary significantly. It remains unknown if the related
changes to different levels of contact force are a product of the sensors acquiring MMG activity
under different mechanical constraints or if the transducers effectively acquire more information
from deeper and neighbouring muscles. In the case of surface electromyography (sEMG), acquir-
ing information from a higher number of motor units results impossible due to the superimposed
property of activation of motor units, a task which results even less feasible when considering mo-
tor units located deeper within the muscle tissue [71]. The use of intramuscular EMG has been
developed to overcome the limitations of recording deep motor unit activity, and high-density EMG
has been intensively investigated to enable the acquisition of a high number of motor units from
the skin surface [174]. However, both of these technologies preserve the limitations of conventional
EMG at the same time as they are invasive (intramuscular EMG) [192] or require more sophisticated
hardware (HD-EMG). MMG offers a good alternative with the potential to capture deep muscle in-
formation while remaining a non-invasive technology by modulating the amount of sensor-to-skin
contact force.

As mentioned, the MMG modality has gained particular attention in the research community thanks
to the advantage of the technology to overcome some of the limitations commonly encountered
when using EMG. However, one of the understudied phenomena behind the MMG signal capture is
the role that contact force between the sensor and the skin play regarding the quality and charac-
teristics of the MMG signal. A handful of studies have tried to alleviate this effect by maintaining
the pressure between the sensor and the skin at a constant level by using custom-made apparatus
[149, 171]. However, in order to take into consideration all the different components of the MMG
signal, without limiting the bulk movement of the muscle along both the longitudinal and transverse
directions, which could be an impediment to sensor translation into wearable technology which re-
quires firm attachment to the skin, the attachment method must ensure a set amount of pressure
against the radial expansion of the muscle which could allow for natural changes in the contact
pressure between the transducers and the surface of the skin. To take into account these dimen-
sional changes, the development of specialized hardware is developed in this doctoral thesis. Two
custom-made wearable armbands of multi-channel MMG (accelerometer and microphone) are de-
signed and used for the analysis of the signal when different levels of contact force are applied.
The first system includes the use of four microphone MMGs freely movable around the arm. The
second design includes the use of four 3-axis accelerometers which also can be positioned at any
location around the arm. These designs aim to facilitate the investigation of the effect of different
levels of contact force on the quality and properties of MMG activity.

The physiological and mechanical characteristics determining the direction of MMG propagation
through muscle tissue are not yet fully understood. It has been suggested that oscillations gener-
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Figure 2.4: Illustration of accelerometer sensor orientation with respect to the alignment of muscle
fibres. Figure reprinted from [79] under Creative Commons license CC BY 4.0. See appendix 7.3.

ated during a muscular contraction propagate evenly in all directions from its origin (muscle central
region [53] and active muscle fibres [60]). Such mechanical oscillations are in time attenuated as
they propagate through soft tissues towards the skin surface [81]. Research on MMG signal prop-
agation has found that the signal radiates mainly along the longitudinal and transverse directions
with respect to the muscle fibre alignment [41]. Fig 2.4 shows an illustration of sensor alignment
with respect to the muscle fibres. Analysis of MMG activity generated by individual motor units
found that the signal mainly originates from muscle fibre displacement. According to the study
performed in [51], the signal is driven by the location of the active motor units. In this respect, the
amplitude of the MMG signal is mainly driven by the oscillations captured along the transverse axis
and the frequency is dependent on the propagation along the longitudinal and transverse axes, all
with respect to the muscle fibres alignment. Archer et al. [9] found similar results showing that for
frequencies below 25 Hz propagation of the signal takes place along the longitudinal and trans-
verse directions, however, if the signal frequency rises above this level, the propagation occurs
mainly along the longitudinal direction. These findings present evidence that the spectrotemporal
properties of the MMG signal are subject to the direction of propagation of the same. Because of
the character of the MMG signal and the method for capturing it, MMG is known for containing
crosstalk from neighbouring and synergistic muscles. Even though there is no sufficient investiga-
tion in the literature regarding crosstalk identification and reduction for MMG [182], research has
shown that higher levels of crosstalk activity are found along the lateral and longitudinal directions
with respect to the muscle fibres and low levels of crosstalk are found along the transverse direc-
tion [79]. This characteristic difference in crosstalk found between directions is suggested to be
caused by the attenuation and filtering process of the signal as it propagates through muscle tis-
sue. The phenomenon of wave propagation of the MMG signal during the assessment of muscle
activity needs to be further explored. Minimal research has been done in the last decade regarding
the analysis of crosstalk in MMG activity, with only a few studies found in the literature [21, 79]. This
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phenomenon could be better understood not only by the use of a higher number of MMG channels
but also by analysing the effect of contact force on the MMG signal characteristics.

As higher levels of pressure are applied between the sensor and the skin, the information content
of MMG is expected to augment as the signal picks up muscle activity from deeper muscles. Based
on the visco-elastic properties of muscle tissue, more pressure between the sensor and the skin
should facilitate MMG propagation through muscle tissue, resulting in a better quality signal. In ad-
dition, the measurement of MMG from multiple channels should provide a preferable representation
of muscle activity compared to conventional stand-alone strategies. The evidence presented in this
section motivates the investigation of the effect of contact force on a multi-channel microphone-
and accelerometer-based MMG technology, including the study of the effect that these contact
force variations have on the MMG signal features when used for the classification of motor tasks.
Further details about the analysis performed in this doctoral thesis are presented in the next chap-
ter.
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Chapter 3

Effect of contact force on acoustic MMG
This chapter introduces a new sensing modality, named MMG-plus-One. The sensor
design, methodology, experiments, and results are presented.

The content and findings discussed in this chapter are published in the 2020 IEEE/ASME Interna-
tional Conference on Advanced Intelligent Mechatronics (AIM) [115] and in IEEE Transactions on
Neural Systems and Rehabilitation Engineering [36].
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3.1 Overview
In the literature, there is evidence suggesting the need for further systematic investigation of the
relationship between MMG and the force with which the sensor is attached to the skin. As a result,
the design and development of a new sensor are introduced in this chapter. The aim of the study
carried out in this chapter is the systematic assessment of the effect of contact on the quality and
signal characteristic variations underlying the information collected by the use of acoustic MMG,
effects which are reflected in the discriminative power of the signal regarding the classification
of motor tasks. Furthermore, the investigation includes the analysis of the muscle mechanical
response during the steady state of the contraction, with particular attention to the effects that dif-
ferent levels of contact force have during this phase. This investigation entails the acquisition of
muscle activity information from tasks similar to those followed in related studies where conven-
tional MMG technology is used, and includes gestures related to actions occurring during activities
of daily living.
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3.2 Introduction
Over the last few decades, surface electromyography (sEMG) has been widely used as the stan-
dard myographic modality for recording and decoding human motor intention and muscle activity.
This modality has been used to classify a high number of actions (e.g., multiple gestures) while
maintaining a good level of accuracy [44]. There are several techniques and algorithms in the litera-
ture regarding the use of EMG for gesture detection. For example, taking advantage of deep neural
network architectures, in [151], the possibility of securing accuracy above 90% for 52 classes is
shown for EMG signals. Despite the fact that by the use of sEMG a high number of gestures can
be classified with a high level of accuracy, there are some significant challenges that exist with the
practical uses of this modality related to the high dependency to skin conditions and the sensitivity
to sensor positioning and to external sources of noise which demand specialised equipment for
the proper acquisition of the signal [1, 100]. Despite the reported high quality of myoelectric con-
trol under the research laboratory environments, the challenges mentioned above have restricted
the use of EMG in commercial-powered prosthetic limbs and for in-home conditions. One result is
that many of the current prosthetic devices work based solely on sequential state machine rules,
which take the commands of the patient by only picking up the co-contraction of the muscles,
tracking which is straightforward. However, this technique cannot realize intuitive control. Thus,
the abandonment rate is high for several upper-limb prostheses devices due to the unintuitive and
cumbersome control [141].

Figure 3.1: (a) Force vs integrated acoustic myography (IAMG; filled circles) and integrated elec-
tromyography (IEMG; empty circles) at various levels of maximal voluntary contraction (MVC) ac-
quired from the quadriceps muscle. Reprinted with permission from [178] (b, c) Force vs IAMG
during voluntary isometric contractions. The solid symbols and lines on both graphs represent
data when 180 Pa of contact force is applied. Empty symbols and dashed lines indicate data when
790 Pa (b) and 1200 Pa (c) of contact force are applied. The relationship between IAMG with the
increase of force at low levels is approximately linear; however, the signal decays at high forces.
Reprinted with permission from [171]. See appendix 7.4 for © information.
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In this respect, mechanomyography, a technology based on the quantification of the mechanical
response of the muscle, has shown promising results thanks to its particular ease of use and non-
invasive property. Over the last three decades, the study of mechanomyography has gained more
interest thanks to advances in technology, the use of novel signal processing methods related to
the signal, and the use of the signal for a wide variety of new applications. At the same time, using
MMG (instead of EMG) could result in the reduction of the potential physiological information rate
as it measures the mechanical response of an electrical source, rather than directly measuring the
electrical response. Thus, MMG is mainly promoted for applications in which the user intention
should be decoded in a consistent manner and under unstructured conditions rather than studying
the neuro-physiology of the muscles. This makes MMG a good candidate for in-home uses of pros-
thetic systems. The mechanical responses are captured in the form of oscillations produced by
displacement and dimensional changes of muscle fibres that occur during a contraction [41].

In comparison to EMG, this mechanical method may be classically considered as a modality with
a lower information transfer rate, in particular regarding the neurophysiology of muscle activation
and the peripheral nervous system. However, by using MMG, some practical difficulties related
to the use of EMG (in particular for in-home uses) can be addressed, such as sensitivity to skin
conditions or sensitivity to electromagnetic noise caused by electrical devices (e.g., elevators, air-
conditioning systems, among others) [56]. This makes MMG a good alternative for practical ap-
plications that require in-home compatibility, a non-invasive method, and a low-cost solution for

Figure 3.2: (a) Power spectral density of MMG with no load (solid line) and with the addition of
50g (dotted line). (b) Comparison of normalized power spectrum density recorded during the ad-
dition of weights (2, 4, 10 and 50g). Reprinted with permission from [197]. See appendix 7.6 for ©
information.
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muscle monitoring while being robust to electrode-skin conditions and requiring simple calibra-
tion and placement procedures (with no need for skin preparation). Research related to MMG has
rapidly grown to further enhance the information rate of the modality. Understanding the limita-
tions and potential of the signal, as well as the factors that play a major role in the MMG signal
acquisition, could help increase the applicability of the signal and improve the performance and
accuracy of the classification and intention detection of human-machine interfaces.

3.2.1 Contributions
The main objectives of this chapter are summarized as follows:

1. The first objective of the work presented in this chapter is to investigate the variations in the
characteristics of the signal when different levels of contact force are applied.

2. The second objective of this work is the classification of hand gesture tasks based on the spec-
tral and temporal characteristics of the MMG signal.

3. The third objective is the analysis of the changes caused by different levels of contact force on
the discriminative power information of the MMG signal when classifying multiple hand gesture
tasks.
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3.3 Related Works

3.3.1 Existing Challenges
Investigations around the use of MMG gained particular attention during the last two decades of
the 20th century as a result of research efforts towards finding different means to evaluate mus-
cle activity via non-invasive and simpler methods [177]. MMG signals have been collected using
different sensory solutions, each with different frequency bandwidth and information rate, such
as accelerometers [197], piezoelectric contact sensors [195], and microelectromechanical (MEM)
microphones [148, 196]. Each one of these sensory solutions has particular advantages and lim-
itations. For example, accelerometers have been found to provide a flatter spectrum and higher
bandwidth when compared with piezoelectric contact sensors [195]. Acoustic/microphone MMG,
on the other hand, has shown to be more robust to motion artefacts compared to accelerometers,
making it ideal for dynamic tasks [196]. Nonetheless, all of these MMG modalities have been found
to be affected by different factors, such as the length of the muscle being tested, motion artefacts,
or the thickness of the fat layers of the dermis [76]. The limitations are more pronounced for neu-
rophysiological studies of motor unit action potentials [111]. It is imperative to mention that all the
above-mentioned MMG sensors have shown some level of sensitivity to contact force. Although
the effect of contact force has been reported as an influential factor in the MMG response [31, 105,
149, 171, 195, 197], the literature on this topic is still not clear and is partly heterogeneous. There is
a need for a more detailed understanding of the effect of normal force and the information context
of the MMG signal.

One of the first studies on this topic emphasized the importance of sensor calibration prior to the
signal acquisition, the influence of the sensor positioning (relative to the muscle), and the effect
of contact force (between the sensor and the skin) on the quality of the MMG signals [31]. Similar
findings were found in [178] during the study of the relationship between the MMG response and
force production during isometric contractions (see Fig. 3.1a). This study was followed by [171]
to evaluate the influence of three levels of contact force on a piezoelectric MMG sensor during
voluntary isometric contractions (see Figs. 3.1b,c). Their findings were in agreement with those in
[195] in which the MMG signal of a piezoelectric sensor was evaluated under different conditions
by loading the sensor with values ranging from 0.5 N. to 1.5 N. Although the literature suggests that
contact force may have some overall alteration on the quality of the MMG signal from piezoelectric
and microphone sensors, they do not provide insight into how/if, with the use of different force
levels, it would be possible to tune the detection accuracy regarding the user intent. In the case of
accelerometer MMG, which provides a 3-dimensional mechanical response on each sensor spot
(a multi-dimensional characteristic of only this type of MMG sensor), there is a very small number
of studies regarding the effect of contact force. An early study suggested that accelerometers are
not influenced by changes in contact force [171]. However, a later study in this matter suggested a
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heterogeneous response, including signal distortion for acceleration-based MMG, when different
weights ranging from 2 grams to 50 grams were placed over a single channel sensor [197] (see Figs.
3.2a,b). All these previously mentioned studies show evidence that contact force plays an essential
role in the signal quality and magnitude of MMG transducers (accelerometers, piezoelectric contact
sensors, and microphones). However, there is a lack of systematic investigation about the effect
of contact force on not only the quality and alterations of the signal properties but also on the
discriminative power of MMG activity. The sensor design described in this chapter focuses on
adding a new “dimension” to MMG, which can further enhance the information rate, discriminative
power, and practicality of this bio-signal modality for its use in prosthetic control.

Analyzing the MMG activity at different levels of contact force can shed light on a new direction
that can be potentially exploited to get access to deeper muscle information. This elucidates the
proposed paradigms of the MMG-plus-One modality and provides an understanding of the me-
chanical behaviour of this modality. The previously mentioned challenges show a heterogeneous
understanding of the effect of normal force on MMG. This calls for further investigation which may
result in a novel approach to improve the MMG signal acquisition and therefore the discriminative
power of MMG.

3.3.2 MMG-Plus-One Concept
The previously mentioned findings in the literature have motivated the design of a novel armband
using which the level of contact force is systematically adjusted on multiple sensor locations
around the forearm. It is worth mentioning that there has been minimal to no related investigation
in the literature regarding the use of different levels of contact force to extract richer information
for the classification of hand gestures. This chapter focuses on the mechatronic design of the
MMG-plus-One armband.

The MMG-plus-One concept is motivated by the fact that, in theory, the increase of the normal
force at the point of contact with the skin alters the viscoelastic properties of the tissue (due to
its nonlinear nature), which can impact the propagation of mechanical waves related to muscle
activation. The aim is to utilize the mentioned physical characteristic to modulate the information
content of the MMG signal modality, and consequently enhance the discriminative power for hu-
man intention detection when utilized for the classification of multiple hand gestures. This feature
has the potential to be used as an additional adjustable degree of freedom for MMG, which can
be exploited to enhance the performance of MMG-based man-machine interfaces. It should be
emphasized that the normal force not only can result in higher viscoelasticity of the tissue, which
increases the conductivity of the mechanical wave from the muscle to the skin, but it can also re-
duce the volume conduction effect (signal damping due to the tissue between source and sensor)
which can enhance the signal to noise ratio.

In this chapter, the investigative focus is based on these properties through designing and imple-
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menting a new wearable MMG technology that allows to systematically increase the normal force
at the point of contact of each independent sensor without the need to unmount the device. The
prototype implemented and tested is an armband composed of four MMG modules. The number of
modules has been selected considering the complexity of the system, accuracy of the prediction,
and potential artefacts (to prevent the sensors from potentially capturing crosstalk from synergistic
and neighbouring muscles during the recording, which could hinder the focus of the investigation).
The normal force applied on each sensor of the armband can be adjusted onto three distinct projec-
tion depths by the use of a particular mechanical design. Additionally, the length of this wearable
can be adjusted to a wide range of dimensions thanks to the distinctive design of the armband
segments. The armband not only explores the gradient of information distributed around the arm
but also allows one to take into account the gradient of information caused by the normal force.
The focus of this study is to investigate for the first time the effect of distributed normal force on
the information context of MMG. It is worth mentioning that the armband design presented in this
chapter can be further adapted and scaled to different dimensions for custom applications with
different needs on the number of MMG sensors.
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3.4 Materials and Methods
The following sections describe the design of the sensor, the characteristics of the armbands and
assembly steps, the methodology employed for data collection, and the analysis carried out.

3.4.1 Sensor Design
The MMG sensor introduced here has followed an acoustic MMG structure, as presented in [148,
165, 196, 203]. The dimensions and shape of the acoustic chamber have been adjusted to the
optimal measurements following the findings presented in [148], a conical shape, a diameter of 7
mm, and a height of 5 mm. The sensor consists of 4 components: a case, used to hold all the parts
together, a microphone (Knowles SPU1410LR5H-QB), used to capture the MMG activity, a portion
of transparent mylar membrane of 3 µm, used to amplify the changes in pressure in the acoustic
chamber, and a stabilizing ring, which dimensions have been adjusted to snap-fit around the frontal
side of the case, causing the mylar film to remain firmly stretched at the same time as preventing
the sensor from shifting or tilting. As the mylar film is excited by propagated muscle vibration,
changes in air pressure in the acoustic chamber are captured by the microphone which is placed
on the backside of the case at the bottom of an isolation chamber. This chamber has been sealed
and filled completely with hot glue. Fig. 3.3 shows a schematic of the custom-made microphone
MMG sensor developed for this study.

Figure 3.3: Cross-section view of custom-made microphone MMG. The device is comprised of 4
parts: a case used to hold the rest of the components together, microphone, mylar film, and a sta-
bilizing ring, which is used to stretch the film and prevent the case from tilting. As the mylar film is
disturbed, changes in pressure within the acoustic chamber are captured by the MMG microphone,
which is isolated in a chamber filled with hot glue.
Figure reprinted from [36] under Creative Commons license CC BY 4.0.
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Figure 3.4: (a) MMG armband design at lowest length L1 (13.5 cm). (b) MMG armband with length
extended to L2 (18 cm). Depending on the arm diameter of each individual, the active length of the
elastic cord is adjusted by the use of the spring buckle to match the length of the armband to the
arm diameter of each participant. The length of the armband can be adjusted to values ranging
from 13.5 cm to 28.5 cm. Each segment can be slid along the cord to be placed over the target
muscles.
Figure reprinted from [36] under Creative Commons license CC BY 4.0.

3.4.2 Armband Design
A wearable armband, comprised of four MMG segments and four separation segments, was de-
signed for the purpose of this study. The four MMG segments of the proposed armband allow to
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Figure 3.5: Increasing levels of protrusion for MMG design. From left to right, custom-made sensor
at levels of protrusion 1, 2 and 3, respectively.
Figure reprinted from [36] under Creative Commons license CC BY 4.0.

systematically increase the contact force between the MMG sensor and the skin. The four separa-
tion segments prevent the MMG segments from shifting by maintaining the tension on an elastic
cord (2 mm spindle braided, Fabmania part number: FM-02), which holds all the components to-
gether. In each one of the segments, two housing parts are coupled together using socket head cap
screws to form slots through which the elastic cord is passed. To take into account the variability
of the arm diameters (between users), and to ensure similar initial conditions for all participants, a
spring buckle is attached to the elastic cord at one end of the armband to allow for the use of larger
or shorter lengths of the cord (see Fig. 3.4). Prior to the experiments, the arm diameter of each
participant, at the level of the sensor location, was measured. Depending on the arm diameter of
each individual, the active length of the elastic cord was adjusted by the use of the spring buckle
to match the length of the armband with the arm diameter of the participant, ensuring the same
conditions for every participant. The length of the armband can be adjusted to values ranging from
13.5 cm to 28.5cm. Thanks to the use of the design, each segment was slid along the cord to be
placed over the target muscles.

Each one of the MMG segments is comprised of five parts: a custom-made MMG sensor, a com-
pressible unit into which the sensor snap-fits, a rotational mechanism which permits the investiga-
tor to increase the contact force levels, a plunger onto which force is applied and transmitted to the
compressible unit, thereby compressing the spring to reach the different levels of projection, and
two main housing parts which hold all the components together. Force is applied over the back
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Figure 3.6: (a) 3D-MMG design. (b) Cross-section view of 3D-MMG design. Force is applied over
the back of the plunger. By the use of a spring the MMG acoustic chamber protrudes onto two
increasing levels separated by 3mm. Each of these levels is reached by turning the rotational unit
once the plunger has reached the corresponding slots.
Figure reprinted from [115] under Creative Commons license CC BY 4.0.

of the plunger in order to protrude the MMG sensor to the next levels. By the use of the spring,
the compressible unit is cyclically pushed out onto two increasing projection levels (see Fig. 3.5).
Each one of these levels is separated by 3 mm. The levels are reached once the force applied on
the plunger has enabled the turning of the rotational unit to the corresponding slot. The use of ball
bearings facilitates the turning of the rotational unit and prevents the rotation of the compressible
unit, which holds the sensor in place. The use of the spring makes it possible for the mechanism
to retract to the first level of projection after the highest level has been reached (see Fig. 3.6).
Except for the printed circuit design (PCB) board containing the sensor, the spring, and the ball
bearings, all the rest of sensor components were 3D-printed using photo-polymer Rigid 10K resin
from Formlabs.

3.4.3 Demographics
Seven able-bodied right-handed individuals (5 males and 2 females) between the ages of 19 to 35
years old and three trans-radial amputees (2 males and 1 female) between the ages of 30 to 50
years old participated in this study. The study took place in a single session per participant. All
participants were considered to be within the range of healthy body mass index (BMI) for their
respective age groups. All participants gave their informed consent before taking part in the exper-
iments. All experiments were approved by the Imperial College Research Ethics Committee (ICREC
reference: 15IC3068).

3.4.4 Experimental Protocol
The experiments involve the collection of MMG activity while participants are asked to perform dif-
ferent hand gestures. Able-bodied participants were asked to perform six gestures, and amputees
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Figure 3.7: The armband is comprised of 4 MMG segments (4th segment not visible) and four
separation segments (2 segments not visible).
Figure reprinted from [36] under Creative Commons license CC BY 4.0.

were asked to perform four gestures. The information is collected at different levels of contact
force using the proposed armband. Three levels of contact force were tested in able-bodied par-
ticipants, and two levels of contact force were tested in amputees. Four MMG sensors are placed
around the forearm using the proposed stretchable armband (see Fig. 3.7). The six hand gestures
used for able-bodied participants were: Flexion, Extension, Pronation, Supination, Adduction, and
Abduction, See Fig. 3.8 for an illustration of the different hand gestures. The four gestures used for
amputees were Flexion, Extension, Pronation, and Supination. Participants were asked to perform
the gestures to the maximum extent to which they felt comfortable. For Flexion and Extension,
participants were ask to maintain all the digits extended during the duration of the contraction. To
minimize the effect of motion-induced artefacts during the experiment, participants were asked to
hold their arms still while performing the trials and their dominant arm was placed over an armrest
(see Fig. 3.7). Amputee participants did not use the armrest. The armband was positioned around
the forearm, and the MMG segments were shifted accordingly in order to be placed over the flexor
carpi radialis (FCR), brachioradialis (BRD), extensor digitorum communis (EDC), and flexor carpi
ulnaris (FCU) muscles. These muscles were selected because of their superficial location and the
ease of palpation. The flexor muscles (FCR and FCU) were selected due to their role during the dif-

C.S.M.C. Perspectives of Mechanomyography 67



3.4. Materials and Methods Contact force & MMG

Figure 3.8: Illustration of the different hand gestures: (a) Hand at rest, (b) Flexion, (c) Extension,
(d) Adduction, (e) Abduction, (f) Pronation, (g) Supination.
Figure reprinted from [115] under Creative Commons license CC BY 4.0.

ferent motor tasks, particularly during Flexion, Extension, Adduction, and Abduction. The extensor
muscles were selected particularly due to their role during Pronation and Supination. A palpation
method was used to locate the target muscles. Considering the origin and insertion of each mus-
cle, the brachioradialis muscle was first palpated, and an MMG sensor was placed over the widest
area of the muscle in the forearm. At this level of the forearm, the rest of the target muscles (i.e.,
FCR, FCU, and EDC) were subsequently palpated, and the sensors were placed accordingly around
the forearm. It should be noted that due to the differences in the neurophysiology of various sub-
jects, it is to expect differences between the performance of subjects, part of which can be caused
by differences between the muscle location, muscle length, and skinfold thickness.

Data collection for both demographics consisted of the following; the user’s dominant arm was po-
sitioned at rest mid-way in supination at the forearm, with the arm held approximately 15 cm above
the surface of the table. The seat was adjusted for the participant to rest the elbow at approxi-
mately 90◦. An armrest was used to rest the elbow while the participants were asked to perform
different gestures. Prior to commencing the experiment, all participants underwent a training trial
which consisted of the participants performing five repetitions of a randomly selected group of
gestures with intervals of 5 seconds between each contraction, taking approximately 2-3 minutes
per participant. For amputee participants, in terms of the time duration after amputation and the
remaining muscle condition, the first participant had the amputation 7 years back and makes use
of a body-powered prosthesis on a day-to-day basis for activities of daily living (ADLs) and for reg-
ular exercise on a hand-cycle, maintaining a high level of activity. The second amputee participant
had the amputation 5 years back and uses a Mitt prosthesis on average every 3 days for ADLs,
self-describing the activity level as moderate. The third participant had the amputation performed
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Figure 3.9: Illustration of data extraction. The first and last seconds of information are discarded,
and the remaining 3 seconds are extracted for analysis.
Figure reprinted from [36] under Creative Commons license CC BY 4.0.

6 years back and uses primarily a Mitt prosthesis, self-describing the activity level as moderate.
All amputee participants are quadruple amputees and needed amputation after sepsis. The first
participant has a high-level trans-radial amputation on the tested limb. The other two participants
have distal trans-radial amputations.

After training, data collection was divided into three groups with a 30-second resting period be-
tween each recording. Groups were divided as follows: Flexion-Extension, Pronation-Supination,
and Adduction-Abduction. Only the first two groups apply for the amputees. Each group consisted
of 5 repetitions of each gesture. Initially, participants were asked to place their hands in the resting
position. After initiating data collection, participants were asked to maintain the resting position
for a period of 10 seconds before carrying out the first contraction. Participants were then asked
to perform the sustained contractions for a period of 5 seconds with a 5-second interval to rest
between each contraction. At the end of each trial, participants were asked to maintain their hands
at rest for a period of 10 seconds before stopping the recording to facilitate data extraction. After
the three groups of recordings finished, each one of the MMG sensors was pushed out to the next
level of projection to increase the amount of contact force. The increases in the levels of contact
force were performed in situ to maintain sensor location. Once all four sensors had been pushed
to the next level of contact force, the process of data recording for the three groups of hand ges-
tures was performed again. This process was repeated two times for able-bodied participants to
record data of all hand gestures for three levels of contact force. In order to avoid the fatigue of
the muscle and due to time restrictions, the amputee data collection process was repeated only
one time in order to collect data on all gestures for two levels of force. The data collection pro-
cess took approximately 45-60 mins for able-bodied participants and approximately 30 mins for
amputees.
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3.4.5 Data Collection
The raw acoustic signals of the MMG channels were divided into two sets of information for the
purpose of training and testing a classifier. For the purpose of this analysis, a hold-out validation
method was applied as it shows a more realistic view of the performance of the proposed MMG-
plus-One armband. In this regard, the testing is done on a completely unseen dataset to maximize
the validity of the technique and strictly avoid any potential unwanted information leak between the
test and training sets. The training set contained the first three trials of each hand gesture, and the
testing set contained the remaining two trials. Similar to the existing literature on gesture detection
for electromyography [155, 186], and mechanomyography [4, 207], the signal was analyzed during
the steady-state phase of the contraction, thus discarding the transient phases. This is a common
practice in the literature since signals during transient phases have a high degree of stochastic
non-stationarity, making the steady-state of the signal more robust for classification and gesture
detection purposes [49, 139]. In addition, the duration of the transient phases cannot be controlled
accurately for systematic training of machine learning algorithms under practical situations and
without rigorous and excessive calibration. These are the main reasons based on which in the lit-
erature, and in this analysis, the steady-state phase of the contractions is investigated. It should
be highlighted that detecting the transient phases of the contraction has very recently attracted
some interest, as indicated in recent studies [85, 173]. Thus, the first and last seconds of infor-
mation were discarded in order to leave out the transient state and analyze only the steady-state
phase of the contraction. Data segmentation was performed as follows: the onset and offset of
each gesture were manually marked and labelled in the timeline of the trial by using an adjustable
threshold value which was tuned during the analysis of each one of the trials. In this way, all the
trials for each gesture were labelled manually for every participant. Once the onset of a gesture
was marked, the following 1 second of information was discarded, and the subsequent 3 seconds
of data were extracted for analysis. The timestamp of the remaining 1 second of information was
compared against the offset label to ensure that the participant held the contraction for a period
longer than the 3 seconds of interest (see Fig. 3.9). This last second of information was eventually
discarded.

Supported by the literature, most of the information context of the MMG signal is below 150 Hz
[128]. Frequencies between 1 Hz and 25 Hz have been reported for containing most of the power of
the signal [13]. Thus, it is widely accepted that the region of interest for frequency analysis of the
MMG signal falls between 1 Hz to 150 Hz [31, 128, 130]. This frequency window (1-150Hz) is used
in this study, accordingly. A sampling frequency of 1 kHz was used to capture the MMG data. Sig-
nals were filtered using a second-order band-pass Butterworth filter, then passed through a Hilbert
transform function. This data preparation process was performed for the training and testing sets
of data. The computation of the signal-to-noise ratio (SNR) and the occupied bandwidth, within
the active range of frequencies of the MMG signal (i.e., 1-150 Hz), was performed at each level of
contact force for every participant. These two parameters were derived from the power spectral
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density estimation found using Welch’s overlapped segment averaging estimator.

3.4.6 Data Collection
A total of 213 spectrotemporal features are extracted for each channel, including 200 features in
the frequency domain and 13 features from the time domain. Data were segmented into windows
of 200 ms with no overlapping. Frequency features were extracted using fast-Fourier transform.
Time domain features formulated based on the literature [126, 189, 213] are:

• Root Mean Square

• Integrated Absolute Value

• Mean Absolute Value

• Modified Mean Absolute Value type 1

• Modified Mean Absolute Value type 2

• Simple Square Integral, Variance

• 3rd Temporal Moment

• 4th Temporal Moment

• 5th Temporal Moment

• Average Amplitude Change

• Difference Absolute Standard Deviation Value

• Difference Absolute Mean Value

After feature extraction, a Neighborhood Component Analysis (NCA) was applied to extract the
most relevant features for classification purposes. NCA [58] is a relatively new feature scoring
technique that assigns a power weight to each feature based on the discriminative power of the
corresponding feature. This technique enables ranking of the features, comparing the importance
of each feature based on the discriminative power, and selecting features which contain most of
the power for classification. After feature scoring and selection, using a hold-out validation method,
features from the first set of data were used to train a linear support vector machine (SVM) classi-
fier, and the second set of data was used to test the performance of the model.
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Figure 3.10: Sum of confusion matrices for all able-bodied participants. Numbers represent
counts from predicted and actual hand gestures. From left to right, confusion matrix for force
levels 1, 2, and 3, respectively.
Figure reprinted from [36] under Creative Commons license CC BY 4.0.
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3.5 Results & Discussion
In this work, the length of the armband was adjusted and normalized based on the diameter of the
limb of the user, to maximize the similarity of conditions. Each participant is compared to them-
selves. Different force levels are analyzed for each participant to evaluate the relative behaviour
of the information context of the signals. Two levels of normal force were evaluated for amputee
participants and three levels of normal force were evaluated for able-bodied participants.

3.5.0.1 Observations related to contact force 1 (lowest force level)

Gesture classification was strong for Extension, Abduction, and Flexion. Extension showed the
highest performance. The classification deteriorates for Adduction and Supination. Adduction
shows the lowest performance overall (see Fig. 3.10).

3.5.0.2 Observations related to contact force 3 (highest force level)

Force level 3 shows the highest performance for Abduction, Flexion, and Supination across all force
levels. Extension shows the highest performance among all gestures.

3.5.1 Discussion
Below, the pattern with relevant statistics based on the accuracy of the classifier for the different
levels of contact force (see Fig. 3.11). For amputee participants, the median accuracy of the clas-
sifier resulted in 78.3% for force level 1 and 90.8% for force level 2. The mean accuracy yielded
81.3% and 90.28% for force levels 1 and 2, respectively. A mean improvement in accuracy of 8.89
% is observed with a standard deviation of 0.12 and 0.06 when increasing the normal force level
from 1 to 2, respectively. The change in the pattern of improvement was user-specific. For am-
putee participant-3, the higher level of contact force increased the accuracy by 20%. For amputee
participant-1, improvement near to 5% was observed and for amputee participant-2, the perfor-
mance remained similar for both levels of normal force.

For able-bodied participants, the experiments showed a very interesting pattern. For several par-
ticipants, the increase in the level of contact force shows a performance deterioration, while the
second increase of force considerably improves the performance. For example, for participant-2
of the able-bodied group, increasing the contact force from the first level to the second reduces
the performance from 79% to 73%. However, the second increment of normal force increases the
accuracy from 73% to 81%. The results for able-bodied participants seem to indicate that there
is a strong relationship between the normal force and the performance of MMG-based gesture
detection.

The Wilcoxon signed-rank test shows that the observed difference in performance between force
level 2 and force level 3 is significant (p = 0.028). A statistically significant difference between
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Figure 3.11: Accuracy of the classifier for all participants vs levels of force. (a) Accuracy of able-
bodied participants for three levels of force. (b) Accuracy of amputee participants for two levels
of force.
Figure reprinted from [36] under Creative Commons license CC BY 4.0.

force levels 1 and 2, however, was not observed (p > 0.128). Results on amputee participants are
encouraging, as a relationship between normal force and classification accuracy is demonstrated.
Characteristics of performance among amputees vary significantly depending on underlying con-
ditions triggering limb loss and surgical procedures for amputation. Consequently, adjustment
to residual muscle performance and individual preference is of critical importance. Furthermore,
the results of the analysis suggest accuracy is not linearly related to the normal force; instead,
each participant may have an optimal level of normal force to maximize the performance. Due to
the user-specific signature of performance and the corresponding nonlinear connectivity with the
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normal force, an average behaviour may not be representative of the overall performance. How-
ever, for the purpose of objective assessment, the following results are also given. For able-bodied
participants, a mean decrease on accuracy of 6% and a subsequent increase of 10% is observed
for increments of normal force 1-2 and 2-3, respectively. The median accuracy resulted in 73.3%,
66.6%, and 72.7% for force levels 1,2, and 3, respectively.

The analyses of the SNR and occupied bandwidth were performed at each level of contact force
for every participant. The mean SNR values across all able-bodied participants yielded 5.5 dB, 5.6
dB, and 6.1 dB for force levels 1, 2, and 3, respectively, with standard deviations of 0.76, 0.51, and
0.71, respectively. In the case of the amputee data, the mean SNR values resulted in 5.7 dB and 5.8
dB for force levels 1 and 2, respectively, with standard deviations of 0.62 and 0.54. A calculation
for the occupied bandwidth was also performed for every level of force and averaged across all
participants. The estimated mean bandwidth of the signal of able-bodied participants for the levels
of force 1, 2, and 3 resulted in 34.1 Hz, 35.1 Hz, and 31.5 Hz, respectively, with the lower bound of
the bandwidths at 1 Hz and standard deviations of 0.39, 0.43, and 0.28, respectively. The mean
occupied bandwidth of the signal of amputee participants for the levels of force 1 and 2 yielded
35.6 Hz and 34.5 Hz, respectively, with the lower bound also at 1 Hz and standard deviation of 0.76
and 0.98. These results provide insight into the potential effect of different levels of normal force
on the quality of the MMG signal reflected in SNR and bandwidth. A gradual improvement of the
SNR value and a decrease in the bandwidth can be observed, as given above.

3.5.2 Force Pattern Study
To further expand the understanding of the effect of contact force on mechanomyography, a sep-
arate user study evaluating different contact force patterns (heterogeneously distributed around
the arm) was conducted for each sensor around the forearm, while following the same data col-
lection protocol described in section 3.4. Five able-bodied participants who took part in the first
section of this study participated in this second experiment which took place in a single session
per participant. In order to prevent the fatigue of the muscle and to avoid a prolonged experiment,
two combinations of force patterns between contact force levels 1-2 and contact force levels 2-3

Table 3.1: FORCE PATTERN DATA ANALYSIS

Force Pattern SNR[dB] Occupied Bandwidth [Hz]
1111 3.8 (std:0.17) 26.9 (std:0.07)
2121 3.7 (std:0.27) 26.4 (std:0.67)
2211 3.1 (std:0.76) 28.5 (std:0.68)
2222 3.5 (std:0.98) 27.5 (std:0.70)
3232 3.2 (std:0.84) 30.4 (std:0.74)
3322 3.4 (std:0.76) 29.1 (std:0.70)
3333 4.1 (std:0.95) 26.3 (std:0.67)
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were selected. The first pattern alternates the location at which a higher and a lower level of force
is applied. Higher contact force is applied over the FCR and the EDC muscles while a lower level
of contact force is applied over the BRD and FCU muscles. The second pattern consists of apply-
ing a higher level of contact force over the FCR and BRD muscles, while a lower level of force is
applied over the EDC and FCU muscles. The levels of force 1, 2, and 3 applied over all muscles, as
performed in the previous experiment, were kept for comparison against the new patterns. Results
of the analyses of the SNR and bandwidth for all the seven force patterns evaluated are reported
in Table 3.1.

The classification results of the evaluation of the different contact force patterns can be seen in
Fig. 3.12. The x-axis represents the different contact force patterns applied. The numbers repre-
sent the 3 different levels of contact force applied over each of the target muscles around the arm
in a counterclockwise direction, starting with the FCR muscle, followed by the BRD, EDC, and FCU
muscles. For example, the fifth label indicating ‘3232’ represents the pattern of force using contact
force level 3 for the FCR muscle, contact force level 2 for the BRD muscle, force level 3 for the EDC
muscle, and force level 2 for the FCU muscle. As can be seen in the figure, results show strong

Figure 3.12: Accuracy of classifier for force patterns. The x-axis indicates the different sequences
of contact force patterns. Numbers represent the different levels of contact force applied over
each muscle starting at the FCR muscle location, followed by BRD, EDC, and FCU.
Figure reprinted from [36] under Creative Commons license CC BY 4.0.
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variations in the accuracy of the classifier within each subject depending on the contact force pat-
tern utilized. For example, for participant number 5, the highest accuracy is found for pattern ‘2121’
and the lowest accuracy is found for pattern ‘3232’ with different variations in performance for the
rest of the force patterns. These variations in performance (as high as 30% for some participants)
depend on the distribution of contact force applied over specific sensors and support the hypoth-
esis that different levels of normal force affect the discriminative power of MMG, suggesting that
the best level of normal force to be used with MMG depends on the physiological factors of the
subject. This shows that, unlike EMG, for MMG armbands and sensors, not only the location of the
sensor can be optimized for each user, but also the normal force should be considered to achieve
the maximum possible performance for each user.
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3.6 Conclusions
In this chapter, a new method for augmenting the design of wearable MMG systems focusing on
enhancing signal quality and discriminative power based on the variation of the distribution of
normal force/skin contact is introduced. While the literature on MMG signal capture is becoming
more common, studies have relied on the use of straps, tape, or non-conventional methods, which
disregard the effect that contact force has on the quality and discriminative power of the MMG
signal. Results presented in this chapter show that for MMG modality, not only the location of
the sensor is important, but also the normal force with which the sensor is attached to the skin
and the corresponding distribution can considerably change the performance. The proposed novel
mechanomyography armband enables control of the distribution of normal force in a heteroge-
neous manner.

Results suggest that the applied level of contact force unequivocally alters the MMG SNR, band-
width, and discriminative power. Therefore, the distribution of the normal force should be adjusted
and further investigated. This chapter reports the first implementation of the mechatronic design of
the novel MMG-plus-One armband, which allows for variations of the normal force field on the dis-
tributed mechanomyography sensory system around the limb. This investigation was done with the
goal of adjusting the discriminative power and the information context of the MMG signal space.
The concept of modulation of the normal force levels on the MMG sensor is evaluated for the first
time with a focus on enhancing man-machine interfacing and gesture intention detection perfor-
mance. The armband was tested on amputees (see Fig. 3.13) and on able-bodied participants.
Results showed a unique user-specific pattern of performance modulation of the man-machine
interface and a high potential for enhancing the accuracy of the system. These user-specific re-
sults suggest that a different anthropomorphic factor, such as skinfold thickness, might be related
to the overall changes in the discriminative content of the MMG signal. A limitation of this study
is the collection of skin-fold thickness and BMI from participants. Future perspectives will focus
on (a) the collection of a clinical dataset for testing the proposed armband on a larger group of
able-bodied and amputee participants to run a wider statistical analysis, (b) analysis of the ef-
fect of normal force distribution on acceleration-based MMG, and (c) incorporation of multi-modal
sensing to address sensitivity to motion induced artefacts.

It is important to mention that the dimensions and bulkiness of the sensor developed for this study
were due to the mechanism required to allow for the systematic increase in the level of contact
force. However, advancements in the technology include the miniaturization of the device and the
addition of the simultaneous collection of MMG and contact force (see section 6.2). In addition, it
is worth mentioning that the highest level of contact force was reported to be uncomfortable after
a period of time for some participants. Due to this reason, this level of contact force was discarded
for the subsequent studies.
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Figure 3.13: Amputee participant performing the experiment.
Figure reprinted from [36] under Creative Commons license CC BY 4.0.
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Chapter 4

Muscle connectivity network analysis
using MMG

This chapter introduces functional muscle networks based on MMG activity. Using the
MMG sensing armband described in the previous chapter, experiments, methodology,
and results are presented and discussed in the context of coherent spectral information
and its use for muscle network generation and analysis.

The method, analysis, and results described and discussed in this chapter are published in IEEE
Transactions on Biomedical Engineering [36].
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4.1 Overview
Coherence analysis has been extensively studied through surface EMG signals to investigate the
connectivity of motor neuron pools. However, the method has not been used to determine muscle
connectivity by the use of MMG. In this chapter, MMG activity is used for the first time to assess the
functional connectivity between four superficial muscles in the forearm during various hand ges-
ture tasks. This study is motivated by evidence in the literature demonstrating that the frequency
spectrum of MMG contains critical information regarding motor unit recruitment and firing rate
[158][26], which provides the neurophysiological basis for their use in coherence analysis.

Muscle network analysis is performed during sustained hand gesture tasks in amputee and able-
bodied human participants. Muscle networks generated from MMG signals are expected to be task-
dependent while showing synchronized behaviour at multiple distinct frequency bands, reflecting
the spectral fingerprints of the motor unit pool activation. This study also aims to determine mus-
cle network characteristic differences between tasks and demographics. Furthermore, functional
connectivity networks derived from MMG are not only expected to show significant changes across
different hand gestures but also identifiable variations across the two understudied demographics
of amputee and able-bodied participants. Graph theoretical analysis is implemented to quantify
characteristics of the network topologies and statistically compare muscle networks across four
hand-gesture tasks and between demographics. The topology and spectral characteristics of the
muscle networks provide novel insights into the neural basis of muscle synergies. Also, the char-
acterization of MMG-based functional muscle networks can offer a new tool to examine the neural
circuitry involved in the motor function.
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4.2 Introduction
Congruous coactivation and coordination of groups of muscles are centrally controlled by the ner-
vous system for the execution of functional motor tasks. A theory strongly investigated in the last
decade is that the central nervous system (CNS) simplifies this complex task by controlling coor-
dinative neural functions, or synergies, as opposed to individual muscles [29]. Neurophysiological
studies have shown that the musculoskeletal system and the nervous system work collectively
to coordinate the activation of muscle synergies to execute complex functional motor behaviours
[47, 65, 188]. The functional synergistic synchronization implies a common neural drive identified
using intermuscular coherence (IMC) [32]. This method seeks to characterize the spectral synchro-
nization of the common neural drive to groups of muscles. While classical analysis of synergies
(e.g., those achieved by applying non-negative matrix factorization to EMG signals) represents the
low-frequency basis of coordination in neuromuscular control, coherence analysis captures the full
spectrum of functional connectivity and synchronous control between muscle pairs, which can be
summarized using metrics rooted in graph theory. Historically, coherence analysis has been im-
plemented to process electroencephalography (EEG) brain activity to correlate functional connec-
tivity between different regions of the brain [43]. More recently, it has been proposed to investigate
functional connectivity between brain and muscle activity (i.e., corticomuscular coherence (CMC)),
through mapping of synchronization between EEG and EMG recordings [54, 90, 206]. Furthermore,
modulations of neural input to muscle groups in broader frequencies have been investigated using
intermuscular coherence and the concept of muscle networks [32, 33, 87–89]. Muscle network
analysis is a novel toolset proposed to estimate functional connectivity between muscles. This is
accomplished through the isolation of key characteristics of the neural drive of muscle synergies
which enable the CNS to simplify functional control via synchronous muscle activation. Boonstra
[33], for example, investigated lower-limb connectivity (synchronous activation) of muscles over
a range of frequency bands during various postural tasks. In another study, Laine [101] isolated
coherence between three-hand muscles (first dorsal interosseous, abductor pollicis brevis, and
flexor digitorum superficialis) through analysis of muscle activation during two precision pinch
tasks. Both of these studies found systematic task-specific changes and widespread connectiv-
ity of muscles at multiple frequency bands. While conventional muscle synergy analysis seeks to
identify low-frequency coactivation bases of muscles, functional muscle networks seek to group
muscles based on their collective spectral response, observed as the co-modulation of multiple
frequencies in EMG signals. Studies have further demonstrated that conventional synergy analy-
sis and functional coherence-based muscle network analysis elucidate disparate, complementary
features of muscle activation, both of which are essential for understanding neuromuscular motor
control [33, 87]. Muscle network analysis has also been studied in able-bodied individuals using
EMG for hand gesture recognition [107], and in stroke survivors for the analysis of functional in-
termuscular connectivity alterations [72]. However, its role in compensation for neural trauma has
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not been extensively explored. In particular, functional connectivity variations linked to limb loss
and how surgical amputation alters the behavior of muscle networks during motor tasks have not
been investigated.

4.2.1 Contributions
In summary, the main contributions of the study carried out in this chapter are:

1. Identification of functional intermuscular connectivity between superficial upper-limb muscles,
in various spectral bands, by the use of MMG across a cohort of amputee and able-bodied par-
ticipants.

2. Identification of different muscle network topologies for different hand gestures.

3. Comparison of muscle network characteristics patterns across both demographics.

4. Identification of alterations in muscle network characteristics associated with amputation.

Beyond the first implementation of MMG in muscle network analysis, this study is the first contrast-
ing functional co-modulation of amputee and able-bodied subjects. While MMG has been studied
as an alternative means of prosthetic control surmounting well-documented challenges involved
in EMG use out-of-clinic [63, 201], aspects of its neurophysiological basis remain unknown.
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4.3 Related Works

4.3.1 Modalities of Muscle Activity Measure
All investigations of muscle networks to date have exclusively focused on the analysis of activity
through EMG. While the obvious gold standard for muscle activity mapping, EMG signal acquisi-
tion can be challenging for isolating specific muscle activation in amputees due to variations in
skin impedance (e.g., sweat, scar tissue caused by surgery, etc.) and robustness of signal acqui-
sition in sockets. Mechanomyography is a myographic activity measure that detects mechanical
oscillations produced by the dimensional changes of the active muscle fibres during a contraction
[76]. MMG has been demonstrated to contain imperative information regarding neuromuscular pa-
rameters associated with motor function [135]. Investigations of this modality have revealed that
spectrotemporal parameters of MMG can correlate strongly with the motor unit activation [24].
MMG has also been demonstrated to be a useful tool to assess muscle weakness characteristics
and muscle performance in healthy individuals and patients [137, 191, 204]. Furthermore, MMG has
been reliably described as the mechanical counterpart giving complementary information to EMG
[176]. The combination of the two signals has been shown to provide unique information about
the electromechanical characteristics of the muscles [46]. The benefit of MMG over EMG signal
acquisition relates to the robustness to electromagnetic noises, in addition to skin sweating and
sensor-skin impedance changes, as well as its response correlating to direct muscle movement
[203]. However, MMG also suffers from a lack of established sensors and can demand comple-
mentary motion sensing to reject mechanical interference [113]. It should be noted that while MMG
contains a lower information rate and less linear behaviour when compared with EMG, in the liter-
ature, MMG has attracted a great deal of interest for practical uses where EMG may not function
properly due to the electromagnetic artefacts and sensitivity to sensor-skin conditions.
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Figure 4.1: Left-side, experimental layout. While seating, participants were asked to perform four
hand-gesture tasks. Hand gestures were sustained for a period of five seconds with a five-second
resting period between each contraction. A digital clock was presented to the participants to keep
track of the duration of each contraction. Right-side, the cross-section view of MMG sensor place-
ment. Four MMG sensors were placed over the flexor carpi radialis (FCR), brachioradialis (BRD), ex-
tensor digitorum communis (EDC), and flexor carpi ulnaris (FCU) muscles. © 2022 IEEE. Reprinted,
with permission, from [116].

4.4 Materials and Methods

4.4.1 Participants
Ten able-bodied individuals (6 males, 4 females, mean age 26 ± 7 years old) and three trans-radial
amputees (2 males, 1 female, mean age 38± 8 years old) participated in this experiment. All partic-
ipants provided their signed informed consent before taking part in the study. All experiments were
approved by the Imperial College Research Ethics Committee (ICREC reference: 15IC3068).

4.4.2 Experimental Design
Data collection was performed by the use of a custom-made wearable acoustic MMG armband,
described in the previous chapter. Thanks to the low effect that crosstalk has on the MMG signal
in the transverse direction of propagation of the mechanical waves [79], the use of microphone-
based MMG sensors, as used in the present study, results in a robust tool for the assessment of
muscle activity. In addition, the level of crosstalk in the MMG signal has shown to be dependent
on the level of muscle effort [78]; therefore, low-level contractions of a short span (5 seconds)
resembling activities of daily living (ADLs) were applied in this study.

Experiments involved the detection of MMG activity while participants were asked to perform four
different hand gestures, namely wrist Flexion, Extension, Pronation, and Supination. Four MMG
sensors were placed around the forearm over the target muscles: flexor carpi radialis (FCR), bra-
chioradialis (BRD), extensor digitorum communis (EDC), and flexor carpi ulnaris (FCU). The par-
ticipants were asked to position their dominant arm in a resting position while seated. Resting
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position is defined as placing the arm midway in supination at the forearm with the elbow in con-
tact with the torso and the forearm at 90 degrees with respect to the arm. Participants were asked
to stay still for the duration of the experiment. Prior to the experiment, all participants underwent
a training trial which consisted of performing sustained contractions for two randomly selected
gestures. Participants performed 5 repetitions of the first selected gesture, and similar to the ex-
isting literature in gesture detection [83, 152], and in motor unit activity decoding [84], intervals of
5 seconds of rest between each contraction were applied. After the last resting period, following
the repetitions of the first gesture, participants performed 5 repetitions of the second gesture with
similar resting intervals between each contraction. A 10-second interval was applied at the begin-
ning and at the end of the trial. The training trial took 2 minutes per participant. Participants were
asked to follow a digital clock presented on a monitor in front of them to keep track of the timing
of each contraction. Fig 4.1 shows an illustration of the experimental layout.

The experiment consisted of two groups of 2 randomly selected gestures. Similar to the training
trial, performing each group of gestures lasted for 2 minutes. One minute of rest was applied be-
tween the two groups to prevent fatigue of the muscles. The order and grouping of the gestures
were randomized. Both able-bodied and amputee groups followed the same experimental protocol.
The experiment took 5 minutes per participant. Fig 4.1 shows an illustration of the cross-section
view of the forearm and the positioning of the sensors. The non-symmetry of the sensor location
illustrates the anatomical differences between participants. Muscles were palpated, and sensors
were positioned over the target muscles. All amputee participants are quadruple amputees and
needed to undergo amputation after sepsis. The first participant had the amputation 8 years prior
to this study and has a high-level trans-radial amputation on the tested limb. The participant makes
regular use of a body-powered prosthesis on a day-to-day basis and maintains a high level of ac-
tivity, including regular exercise and ADLs. The second and third amputee participants had the
amputation 6 and 7 years prior to this study, respectively, and have distal trans-radial amputations.
Both participants use a Mitt prosthesis on average every 3-4 days for ADLs, maintaining a medium
level of activity.

4.4.3 Data Processing
The raw acoustic signals of the MMG channels were analyzed to identify the onset and the offset
of each contraction. In this study, and similar to the existing literature on gesture detection for
electromyography [185], and mechanomyography [4], the signal was analyzed during the steady-
state phase of the contraction in order to minimize the high degree of stochastic non-stationarity
present in the transient phases. The transient state was discarded by removing the one-second
post-onset and one-second pre-offset of the signal recorded for each contraction. The duration of
the extracted signal was validated to ensure at least 3 seconds of a steady-state contraction.

In this work, MMG information was recorded using a sampling frequency of 1 kHz. The literature
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shows that the MMG power information resides in frequencies as high as 120 Hz [76]. Numerous
investigations have demonstrated that the dominant frequencies of muscle sound are found in the
range of frequencies below 30 Hz [130][128], and there is evidence showing MMG power information
at frequencies as low as 2 Hz and as high as 118 Hz [27]. Thus, the raw MMG signal was filtered
using a fourth-order band-pass Butterworth filter in the range of 1 - 150 Hz.

Mechanomyography can be categorized as a signal with time-varying properties with power infor-
mation at multiple frequencies. Therefore, a time-variant, frequency-selective approach is required
for its analysis. A method widely investigated in the literature for time-frequency analysis is the
Hilbert transform, a transform-based approach used for spectral analysis of time-varying signals
which has shown to be equivalent to Fourier and wavelet analysis and from which coupling mea-
sures such as coherence can be derived [34]. In this way, the Hilbert transform was applied to the
filtered MMG signal to obtain the analytic representation of the signal which was further used for
the estimation of the cross-spectrum and the power spectral density, both necessary measures for
the evaluation of intermuscular coherence.

4.4.4 Intermuscular Coherence
Intermuscular coherence is derived based on the magnitude square of the cross-spectrum between
two signals normalized by the product of the power spectrum of the two signals (4.1). Because of
the normalization, IMC is confined to be between the values 0 to 1. The closer the value of IMC to 1,
the more linearly dependent (correlated) the two signals in the frequency domain. A common prob-
lem in the estimation of coherence is the presence of spurious coherence due to spatial and spec-
tral leakages [161]. In this study, in order to minimize the presence of spurious coherence caused
by the filtering process and by the frequencies at which the spectral power information is critically
close to zero, we implement a modified magnitude squared coherence (MMSC) method which in-
cludes a conditional statement based on the value of the product between the power spectrum of
the two signals. The MMSC algorithm specifically avoids spurious coherence when the spectral
information context of the signals has the least power. MMSC and IMC are used interchangeably
for the rest of this thesis.

The mathematical derivation of MMSC can be found here:

MMSCxy =


|Sxy |2
Sx∗Sy

, if Sx ∗ Sy ≥ 1

|Sxy |2
1

, if Sx ∗ Sy < 1

(4.1)

where,

MMSCxy is the modified magnitude-squared coherence between signals x and y,
Sxy is the cross-spectrum between the signals,
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Sx is the power spectral density of x, and
Sy is the power spectral density of y.

In this analysis, a method based on segment overlapping and tapering was applied in order to im-
prove frequency resolution and reduce variance, as described in [187]. Coherence was evaluated
using the following parameters: a segment of 1024 samples to obtain a frequency resolution of
0.98 Hz, a Nuttall window which helps reduce spectral leakage thanks to its significant side-lobe
suppression, and 50% of overlap to account for the spectral resolution of the Nuttall window. To
prevent non-stationarities and spurious coherence resulting from edge effects caused by the con-
catenation of trials, each 3-second trial of information was multiplied by a Tukey window using a
cosine-tapered section of 0.05 [30]. Following this tapering process, the five trials of each gesture
were concatenated to form a signal of 15 s duration. MMSC was calculated for all muscle pairs,
gestures, and participants, resulting in a matrix of (fxmxgxs), denoting f coherence values, m
muscle pairs, g number of gestures, and s number of subjects.

4.4.5 Non-negative Matrix Factorization
A common method for deeper analysis of muscle networks is to decompose the full-spectrum co-
herence between different muscle groups into frequency-based connectivity using mathematical
factorization methods (such as non-negative matrix factorization (NNMF), principal component
analysis (PCA), or independent component analysis (ICA)). This allows identifying the common
frequency space at which muscles are co-modulated by the neural drive. Non-negative matrix fac-
torization is a multivariate method which is characteristic for its non-negative constraints [103].
NNMF has been widely used in the literature to identify the coactivation of groups of muscles that
contribute to a particular task, also known as muscle synergies [104]. In this respect, muscle syn-
ergies are extracted by applying NNMF to the EMG envelopes [143, 150]. NNMF has also been used
to identify unique spectral patterns shared by groups of muscles from the estimated coherence
between pairs of muscles [33, 87, 89]. However, NNMF has not been applied for the analysis of
MMG activity; in particular, for the spectral decomposition of the signal. In this section, NNMF is
used for the first time to decompose the MMG spectral space into frequency band components
to study the spectral characteristics of the signal and to identify the common spectral patterns
shared by the target muscles when performing different hand gestures.

It is established in the literature that mechanomyography includes three main processes: (i) the
gross lateral movement of the muscles caused by the asynchronous activation of muscle fibres,
(ii) lateral oscillations occurring at the resonant frequency of the muscles, and (iii) dimensional
changes of the active muscle fibres as well as gross limb displacements [78, 114]. Dimensional
changes of the muscle and gross limb displacement account for the lowest frequencies of the
signal [199], tremor contributions reflecting the oscillations of the motor system have been reported
over a broad frequency band, typically below 12 Hz [91, 121], and muscle inner-vibrations account
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for the higher frequencies, falling in the range of 10-40 Hz due to intrinsic muscle fibres oscillations
[18, 131]. As reported in the aforementioned studies, the components comprising the MMG signal
have been found to occur at different frequency ranges, with some level of overlapping. In this
analysis, frequency bands are defined as follows: 1-5 Hz for low-frequency information due to the
bulk movement and dimensional changes of the muscles, 5–12 Hz for oscillations due to tremor
produced during isometric contractions, and 12–40 Hz to capture the mechanical inner-vibrations
due to intrinsic muscle fibre oscillations. In this way, non-negative matrix factorization is applied,
according to (4.2), to extract three components in order to determine the common spectral patterns
in the delta band for component 1, theta and alpha bands for component 2, and beta and gamma
bands for component 3.

Using NNMF, the original data-set regarded as an fxm matrix X , where each row contains f non-
negative coherence values evaluated at each discrete frequency of the m muscle pairs, is factor-
ized into two low-rank non-negative matrices: W , an fxk matrix with the activation patterns (com-
mon spectral patterns) of k components, and H , a kxm matrix denoting the weight coefficients
(strength of muscle-pair connection) of each muscle pair for every component.

X ≈ W.H (4.2)

Non-negative matrix factorization was used to decompose the full-spectrum of the signal into fre-
quency band components with their corresponding coupling strength across all muscle pairs for all
gestures and subjects. In this way, NNMF was applied to each coherence matrix fxm (513 coher-
ence values x 6 muscle pairs) corresponding to each gesture for all participants. A multiplicative
update rule was applied for NNMF to minimize the objective function, as described in [28]. Differ-
ent initialization methods for NNMF have been investigated in the literature to achieve a smaller
error in the approximation and faster convergence [172, 218]. A similar initialization method to that
proposed in [172] is introduced in this section; however, instead of imposing a sparse structure in
the spatial organization of the vectors, the scope of each component is constrained by initializing
the columns of the W matrix. Each column of the W matrix representing a frequency band com-
ponent (k1: frequency band 1-5 Hz, k2: frequency band 5-12 Hz, k3: frequency band 12-40 Hz) was
initialized with a uniform random amplitude distribution in the range [0.9, 1] only for their respective
active frequency band. As expected, this initialization method results in a delineated segregation
of frequency bands for the common spectral patterns extracted (see Fig 4.4 top-row).

4.4.6 Connectivity Analysis
Coherence muscle networks were constructed after identifying the common spectral response of
the muscle pairs at different frequencies by using NNMF. The spectral activation patterns repre-
sent the unique frequencies shared by the muscles during the hand gesture tasks. The weight
coefficients produced from the factorization were used to construct the adjacency matrices. Task-
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and frequency-specific matrices were obtained, as NNMF extracted three components from the
coherence spectra for each gesture and participant. These adjacency matrices were then used to
construct the undirected weighted functional connectivity networks.

The clustering coefficient (CC) is a measure of functional segregation and is denoted by the extent
to which neighbours of each node are connected to each other [198]. The mean of the clustering
coefficient reflects the average of the clustered connectivity across nodes [157], with highly func-
tional segregated networks indicated by higher values of averaged CC and vice versa. Based on
the generalization of the algorithm to weighted undirected networks [127], the clustering coefficient
was computed at all frequency bands for each of the connectivity networks for all gestures and
participants. The average of CC across nodes was subsequently calculated to obtain a value of CC
for each component, gesture, and participant.
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Figure 4.2: Power spectral density shown for the different muscles (FCR, BRD, EDC, and FCU)
for all gestures (red: Flexion, yellow: Extension, purple: Pronation, and green: Supination). Power
spectra were averaged across homologous muscles, trials, and subjects for able-bodied (top-row)
and amputee (bottom-row) participants. © 2022 IEEE. Reprinted, with permission, from [116].

4.5 Results
In this work, we analyzed muscle networks based on MMG activity recorded from four superficial
muscles of the forearm while participants performed four different hand gestures. The power
spectral density (PSD) was generated to analyze the spectral content of the MMG signal. PSD was
averaged across homologous muscles, trials, and subjects. Fig 4.2 shows the different PSD profiles
of all muscles across gestures for able-bodied and amputee participants. PSD for able-bodied
participants shows a broad spectrum with peaks between 2-4 Hz and similar frequency profiles
across muscles with differences in scaling depending on the gesture (Fig. 4.2). PSD for amputee
participants reveals distinctively different profiles across muscles with peaks found between 2-
12 Hz depending on the hand gesture. PSD profiles for amputees show a shift of peaks towards
higher frequencies compared to the PSD generated from able-bodied participants. PSD for both
demographics showed power information at frequencies no higher than 40 Hz.

4.5.1 Statistical Analysis
The clustering coefficient of the networks was compared between gestures for all participants
to obtain statistical significance at each of the frequency band components. The data passed
the Shapiro–Wilk normality test. Thus, a t-test was applied to determine significance of CC be-
tween gestures. CC at each frequency component was considered significantly different between
gestures for p-values < 0.05. Bonferroni-adjusted significance level was calculated to account
for the increased possibility of type-I error. The adjusted significance level is adjusted-p-value =
0.0028.
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Figure 4.3: Intermuscular coherence between all muscle pairs. Coherence is shown between all
muscles (FCR, BRD, EDC, and FCU) for all gestures (red: Flexion, yellow: Extension, purple: Prona-
tion, and green: Supination). © 2022 IEEE. Reprinted, with permission, from [116].

4.5.2 Coherence Matrix
Functional muscle networks were defined by mapping the correlated spectral response of different
muscles for each gesture for able-bodied and amputee participants. The nodes of the networks rep-
resent the target muscles, and the edges of the networks represent the strength of functional con-
nections between muscles. Fig 4.3 shows the intermuscular coherence between all muscle pairs
for able-bodied subjects along with the confidence interval generated according to the method de-
scribed in [187]. The common frequency components across all muscle pairs, hand gestures, and
subjects for both demographics were extracted. Coherence for all muscle pairs were averaged
across subjects to obtain coherence profiles for each gesture. The results show distinct functional
organization for different hand gestures. Coherence is observed over a range of frequencies be-
low 40 Hz, and distinctive frequency profiles were found depending on the muscle pair and hand
gesture. Negligible values of coherence were found at frequencies higher than 40 Hz. The IMC
results in Fig. 4.3 imply a dense connectivity matrix for all muscle pairs, showing high levels of
common spectral patterns across different frequency bands. In the case of Flexion, different lev-
els of IMC were found at frequencies below 12 Hz across all muscle pairs. The highest level of
IMC for this gesture was found at 2 Hz for muscle pair FCR-FCU. Similar coherence profiles were
found for Extension, with most of the IMC found at frequencies below 12 Hz and some level of IMC
present at frequencies higher than 12 Hz for the muscle pairs BRD-EDC and FCU-EDC. Pronation
showed the highest levels of IMC for all the muscles connected to FCU, with peaks just below 5 Hz
for muscle pairs FCU-EDC and FCU-BRD and high IMC for all frequencies below 12 Hz for muscle
pair FCU-FCR. A closely similar IMC profile was observed for Supination for FCU-FCR. Regarding

C.S.M.C. Perspectives of Mechanomyography 92



4.5. Results Functional Muscle Networks

Table 4.1: Statistical Results of Clustering Coefficients

comp. Flexion Extension Pronation Supination
k1 t:-0.892 p:0.38 t:0.385 p:0.7 t:3.53 p:0.00068∗∗ ∆:-18.4% ↓

Flexion k2 t:-1.11 p:0.27 t:-0.356 p:0.72 t:0.779 p:0.44
k3 t:-2.51 p:0.014∗ ∆:16.7% ↑ t:1.78 p:0.079 t:-0.227 p:0.82
k1 t:-0.892 p:0.38 t:1.31 p:0.2 t:5.27 p:1.1e-06∗∗ ∆:-21.6% ↓

Extension k2 t:-1.11 p:0.27 t:0.869 p:0.39 t:2.34 p:0.022∗ ∆:-8.73% ↓
k3 t:-2.51 p:0.014∗ ∆:-16.7% ↓ t:4.13 p:9.1e-05∗∗ ∆:-25.4% ↓ t:2.03 p:0.045∗ ∆:-12.5% ↓
k1 t:0.385 p:0.7 t:1.31 p:0.2 t:3.01 p:0.0036∗ ∆:-16.6% ↓

Pronation k2 t:-0.356 p:0.72 t:0.869 p:0.39 t:1.39 p:0.17
k3 t:1.78 p:0.079 t:4.13 p:9.1e-05∗∗ ∆:25.4% ↑ t:-1.85 p:0.067
k1 t:3.53 p:0.00068∗∗ ∆:18.4% ↑ t:5.27 p:1.1e-06∗∗ ∆:21.6% ↑ t:3.01 p:0.0036∗ ∆:16.6% ↑

Supination k2 t:0.779 p:0.44 t:2.34 p:0.022∗ ∆:8.73% ↑ t:1.39 p:0.17
k3 t:-0.227 p:0.82 t:2.03 p:0.045∗ ∆:12.5% ↑ t:-1.85 p:0.067

Frequency band components are represented as, k1: component 1-5 Hz, k2: component 5-12 Hz, and k3: component 12-40 Hz.
Significance is shown in orange color ∗ for p-value<0.05, Bonferroni-adjusted significance is shown in red color ∗∗ for adjusted-p-value<0.0028, df=18.

the IMC pattern of FCU-FCR, it can be highlighted that two distinct behaviours are observed, one of
which relates to similar patterns for Flexion and Extension (red and yellow lines), and the other one
relates to a similar behaviour comparing Pronation and Supination (purple and green lines).

4.5.3 Muscle Connectivity Networks
In order to evaluate the coherence over specific frequency ranges, intermuscular coherence was
decomposed into three frequency bands using non-negative matrix factorization [103]. The number
of components extracted evaluates the functional connection between muscles at low (1-5 Hz),
medium (5-12 Hz), and high frequencies (12-40 Hz).

4.5.3.1 Able-bodied

The common spectral patterns for the three frequency components for each gesture were extracted
using NNMF. The corresponding weightings for each component yield the functional connectivity
matrices of the muscle networks for each gesture. Fig 4.4 shows the functional connectivity net-
works for able-bodied participants, generated for all gestures at each one of the frequency com-
ponents.

The first component captures coherence at low frequencies and shows relatively high connectivity
between all muscle pairs for Flexion and Extension. Pronation and Supination appear to have a
lower level of connectivity for muscle pairs EDC-BRD and FCR-BRD.

The second component shows a similar topology to that of the first component for all gestures.
High connectivity between FCR-FCU is shown for both components for Pronation and Supina-
tion.

The third component shows a distinctly different functional organization of the networks compared
to the first two spectral components. Flexion shows high connectivity for all vertices connected
to the BRD muscle. Weaker connectivity is shown for the muscle triplet FCR-FCU-EDC compared
to the first two spectral components. In the case of Extension, muscle triplet FCR-BRD-EDC main-
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Figure 4.4: The frequency content of the coherence spectra of all muscle combinations was av-
eraged across subjects and decomposed into three components using non-negative matrix fac-
torization. The three frequency components were defined as follows: component 1: 1-5 Hz, com-
ponent 2: 5-12 Hz, and component 3: 12-40 Hz. Top-row, common spectral patterns extracted
for each gesture at every frequency component. Different shadings of colour show the frequency
ranges. Gestures are colour-coded (red: Flexion, yellow: Extension, purple: Pronation, and green:
Supination). Functional muscle networks were extracted for each gesture at each of the frequency
components. Muscle networks were characterized by the extracted common frequency patterns
and the weightings of those patterns in the original spectra. The weightings give the strength of
the edges between the four muscles (nodes). The mapping of the colour bar and the thickness of
the edges show the strength of the connections between all muscle pairs. The size of the nodes
denotes the degree of each connectivity for each muscle. Functional connectivity networks of all
components (rows) are shown for each gesture (columns) for able-bodied participants. © 2022
IEEE. Reprinted, with permission, from [116].

tained a high level of connectivity while FCR-FCU and FCU-BRD show reduced connectivity. As op-
posed to Flexion and Extension, Pronation shows evidently strong connectivity for all muscle pairs
connected to FCU. connectivity between FCR-BRD and EDC-BRD shows similar connectivity to that
shown in the other two spectral components. Lastly, Supination shows a distinct topology related
to the third spectral component, showing lower connectivity between the muscle pair FCR-FCU and
FCU-EDC but higher connectivity between the rest of the muscle pairs. FCR-BRD shows a similar
level of connectivity compared to the first two spectral components. Muscle networks in Fig 4.4
indicate a gradual transition from widespread connectivity between all muscle pairs for the lowest
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Figure 4.5: The common spectral patterns of the coherence responses of all muscle combinations
were decomposed into three components. Functional muscle networks were generated for each
gesture at each of the frequency components. Muscle networks are generated from weightings
of the common frequency patterns. The weightings give the strength of the edges between the
four muscles (nodes). The thickness and colour code of the edges shows the strength of the
connections between muscles. The size of the node denotes the degree of connectivity of muscles.
Functional connectivity networks are shown for all components (rows) for each gesture (columns)
for all amputee participants (amputee 1: top-left, amputee 2: top-right, amputee 3: bottom-left, and
the average of amputees: bottom-right). © 2022 IEEE. Reprinted, with permission, from [116].

frequency component to strong localized connections for the third frequency band. This analysis
also suggests a distinct signature of MMG-based connectivity for different gestures.

4.5.3.2 Amputees

Fig 4.5 illustrates the functional connectivity networks for each amputee participant and the mean
of the participants for all gestures at each frequency component.

For each amputee participant, the first component shows high connectivity between muscle pair
FCR-FCU for Flexion, medium to high levels of connectivity between FCR-BRD for Extension, and
low levels of connectivity for both gestures between FCU-BRD. Pronation shows high connectivity
between FCR-BRD, medium levels of connectivity between EDC-FCR, and medium to low connec-
tivity between FCU-EDC and EDC-BRD. Supination shows low connectivity between FCU-BRD and
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heterogeneous connectivity for the rest of the muscle pairs across participants.

The second component shows widespread connectivity between all muscle pairs for Flexion and
Extension for two of the amputee participants, and a strong connection between FCR-BRD for Flex-
ion, Extension and Pronation for all participants. Strong connections were also found for all vertices
connected to BRD for Pronation, with low connectivity between EDC-BRD. Interestingly, a similar
topology to that of the first component was shown for Supination across all participants.

The third component shows a decrease in connectivity in muscle pair BRD-FCU and high connec-
tivity between FCR-FCU for Flexion for all participants. Heterogeneous connectivity between all
muscle pairs across participants was found for Extension with medium levels of connectivity be-
tween EDC-BRD and FCU-EDC and low connectivity for FCR-EDC. A similar topology was found for
Pronation with higher connectivity between FCU-BRD. For Supination, all participants showed high
and medium levels of connectivity for FCU-EDC and EDC-BRD, respectively, while medium to low
connectivity was found for the rest of the muscle pairs.

4.5.3.3 Able-bodied vs Amputees

The first component shows a similar network topology to that of the second component across all
gestures for able-bodied and for each of the amputee participants. The third component shows
different topologies and lower connectivity compared to the first two components for both de-
mographics. These results suggest overlapping frequency information for the bulk movement of
the muscles and the tremor produced during the contractions. The distinct topologies at higher
frequencies suggest that muscle fibre oscillations produce localized spectral activity for specific
muscle pairs depending on the gesture.

It is important to mention that opposite gestures reflect a similar topology of connectivity for the
first two frequency components for all amputee participants and, more evidently, for able-bodied
participants. In other words, Flexion and Extension show a similar connectivity topology, and
Pronation and Supination present the same phenomena. This could be a result of the fact that
MMG captures not only the contraction of the agonist muscles but also the relaxation of the an-
tagonist muscles, both simultaneously occurring during the task and found to be present at low
frequencies [93]. Interestingly, similar topologies were found between Extension and Pronation
across all frequency components for each amputee participant. The third component showed a
different topology between able-bodied and amputees for all gestures, with some similarity in con-
nectivity strength for BRD muscle pairs for Extension and Pronation

Regarding the role of each muscle during the gestures, all four muscles are involved when per-
forming wrist Flexion and Extension. Able-bodied participants showed widespread connectivity
between muscles for the first two components with some localized connectivity in the FCR and
BRD muscles for the third component. Similarly, high connectivity was found for FCR and BRD
muscles for two of the amputee participants across the same gestures in the first two compo-
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nents, with also high connectivity present in the FCU muscle for both participants. In general, for
each amputee participant, EDC appeared to be the least active muscle for Flexion and Extension
for the first two components.

The brachioradialis muscle is responsible for bringing the pronated, or supinated forearm into a
neutral position. Thus, in the case of Pronation and Supination, it is expected to find a higher level
of connectivity for vertices connected to BRD due to its role in both actions. Interestingly, similar
topologies were found between Extension and Pronation across all frequency components for each
amputee participant. The third component showed a different topology between able-bodied and
amputees for all gestures, with some similarity in connectivity strength for some muscle pairs for
Extension and Pronation.

A low level of connectivity is expected for the EDC muscle during Pronation and Supination due to
the role that the EDC muscle has during these gestures. The extensor digitorum communis muscle
is a multi-compartment muscle that is responsible for extending digits 2–5. Given that extension of
the fingers occurred only during Flexion and Extension, the connectivity of the muscle is expected
to be higher for these gestures than for Pronation and Supination. This is evident for able-bodied
participants, particularly for the third frequency component. However, this is not the case for am-
putee participants, where a low level of connectivity is found for the EDC muscle compared to the
rest of the muscles across all frequency components for all gestures. These differences in muscle
pair connectivity strengths, and therefore in the topology of the networks between demograph-
ics might be present because of the anatomical differences caused by amputation, variations of
remaining muscle, and level of muscle activity. These functional (re)organization differences be-
tween able-bodied and amputees could show not only how the anatomy has changed after am-
putation but also how the neural drive adapts to those anatomical changes when performing the
same gestures.

4.5.4 Network Analysis
Complex network analysis was used to compare the muscle networks between hand gestures for
the different frequency components. In order to analyze network segregation, the clustering coef-
ficient (CC) was derived from all networks. In this work, a t-test was used to evaluate the statistical
significance of the network behaviours. Fig 4.6 shows the results of the t-test for the CC of all the
undirected networks. Significant differences between gestures are shown in orange for (p < 0.05)
and in red after applying Bonferroni correction for (p < 0.0028). For able-bodied participants, the
first frequency component showed that CC for Flexion and Extension were significantly higher than
CC for Supination (p < 0.0028). CC for Pronation was also found to be significantly higher than
CC for Supination (p < 0.05). The second frequency component shows a significant difference
in CC between Extension and Supination only (p < 0.05). On average, similar values of CC were
found between the rest of the gestures. Similar to the first component, Supination showed the
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Figure 4.6: Clustering coefficient (CC) was used to statistically compare the functional muscle net-
works across gestures (red: Flexion, yellow: Extension, purple: Pronation, and green: Supination)
and frequency components (from top to bottom: 1-5 Hz, 5-12 Hz, and 12-40 Hz). The clustering
coefficient was evaluated for each undirected weighted network for able-bodied (left column) and
amputees (right column). A two-sample t-test was used to statistically compare the CC between
gestures for able-bodied participants. Significance is shown in orange color for p-value<0.05,
Bonferroni-adjusted significance is shown in red color for adjusted-p-value<0.0028
© 2022 IEEE. Reprinted, with permission, from [116].

lowest values of CC across all gestures. The third frequency component shows that CC for Exten-
sion is significantly higher than CC for Flexion, and CC for Supination is significantly higher than
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CC for Extension (p < 0.05). Pronation showed a significantly lower value of CC compared to Ex-
tension (p < 0.0028). Table 4.1 summarizes the statistical results of the clustering coefficient for
all frequency bands and gestures for able-bodied participants. For amputee participants, the first
component showed distinct distributions of CC values for all gestures. The individual contributions
of each amputee participant can be seen in Fig 4.6. Similar to able-bodied participants, the second
frequency component showed the least variability of CC between gestures compared to the other
frequency components. The third frequency component showed a distinctively wider distribution
for Flexion compared to the other gestures which showed similar distributions of CC.

4.5.5 Discussion
Results show distinct muscle connectivity topologies depending on the frequency component, ges-
ture, and demographic. Significant differences in functionally segregated networks for specific
gestures at low and high frequencies were found. The differences in CC between Supination and
the rest of the muscles for the first frequency component for able-bodied participants suggest
a characteristic spectral profile for the muscle displacement that occurs during Supination. The
differences in CC between Extension and the rest of the muscles for the third component sug-
gest common spectral characteristics between muscles at higher frequencies for this particular
gesture compared to the other gestures. The above-mentioned analysis and the results given in
Table 4.1 show a clear distinction of functional muscle networks registered using MMG and calcu-
lated by intermuscular coherence at different frequency bands. The results also highlight potential
differences in the MMG frequency spectra between able-bodied and amputees. This analysis pro-
vides for the first time a strong bio-marker of synergistic muscle functionality using the clustering
coefficient of the network using MMG activity. Different types of time and frequency analysis meth-
ods have been suggested to analyze the MMG signal features and their role in motor control [38,
76]. MMG power spectrum has been reported to contain information regarding the firing rate of
motor units, with increases in the global firing rate of motor units resulting in higher frequencies
of the MMG signal [3]. The results found regarding differences in muscle connectivity networks
across frequency components and clustering coefficient distributions may support the application
of MMG signal parameters as indicators of motor unit activation patterns and firing rates during
muscle activity. The outcome of this analysis can further be used for the conduction of classifiers
to find the motor intention of the user based on functional connectivity, with potential for real-time
implementation of the MMG-based approach [5]. The results can also be used to track the changes
in functional synergistic behaviour of healthy and impaired muscles.

The present results show evidence that mechanomyography can be used as a tool to perform anal-
ysis of functional muscle networks for able-bodied and amputee users, however, the following lim-
itations must be considered. Miniaturization of the device is proposed to translate the technology
into a wearable system to be able to utilize the proposed novel MMG-based muscle network anal-
ysis in the control of prostheses. This study did not consider complex dynamic activities which
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have shown to provide relevant information regarding muscle function [76]. So far, muscle net-
work analysis has been done only by the use of EMG. This study did not include the simultaneous
acquisition of EMG activity for the comparison of muscle networks obtained using each type of
myographic signal. Previous research indicates that the motor unit recruitment and firing rate af-
fect the MMG and EMG equally for contractions up to 80% MVC [131]. Therefore, it is expected that
muscle networks derived from both of these myographic modalities will reflect similarities in their
topologies for low and medium levels of contraction. Future perspectives of the work presented
in this chapter include (a) miniaturization of the device for translation of the proposed system into
wearable technology to be used in clinical settings, (b) evaluation of static and dynamic tasks for
a deeper analysis of the neural circuitry involved in different types of motor tasks, and (c) simulta-
neous acquisition of electromyography and mechanomyography activity during different gestures
for analysis and comparison of muscle networks derived from each myographic modality.
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4.6 Conclusions
In this chapter, the analysis of functional muscle networks using MMG and mapping of its variance
between able-bodied and amputee participants is introduced for the first time in the literature. In-
termuscular coherence was derived from the frequency response of all the muscle pairs for all
gestures and participants. Coherence was decomposed into three frequency components using
non-negative matrix factorization. Muscle networks were generated for all gestures and all spec-
tral components. Complex network analysis was conducted to extract the clustering coefficient
of each network, which was used for statistical comparisons between gestures for able-bodied
participants. Results showed significant differences between gestures across multiple frequency
bands for able-bodied participants. These findings support the hypothesis that mechanomyogra-
phy can be used for muscle network analysis and that it can be further exploited for the analysis
of functional muscle connectivity for able-bodied and amputees. The findings of this investigation
offer the concomitant outcomes of supporting the usability of MMG to map muscle coherence
from a neurophysiological perspective as well as providing a mechanistic basis for its translation
into human-robot interfaces (e.g., prosthetic hand control). It is important to mention that further
analysis including the simultaneous acquisition of MMG and EMG activity is expected as the next
step to continue this line of research in order to analyze muscle networks derived from each myo-
graphic signal and study the contributions of each modality in the analysis of functional muscle
connectivity. In addition, the results presented here motivate the investigation of a wider range
of research questions, including MMG spectral analysis of a bigger range of activities requiring
different sets of muscles in the upper and lower limbs.
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Chapter 5

Analysing three-dimensional muscle
networks using MMG

This chapter introduces the study of multi-dimensional muscle networks based on MMG
activity. Using the MMG sensing technology in Chapter 3, the sensing armband was re-
adapted to house 3-axis accelerometers as the transducers used to acquire the MMG
signal. The analysis discussed in this chapter is built in the context of evaluating the fea-
sibility of MMG information collected from the multi-directional sensor to build muscle
networks along the different spatial dimensions with respect to the muscle fibres.

The contents of this chapter including materials, methods, analysis, and results have been submit-
ted for publication and are currently (October 2022) under review in IEEE Transactions on Biomed-
ical Engineering.
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5.1 Overview
Network analysis has been extended from neural architectures built for the purpose of studying
synchronous activity between brain regions during the execution of cognitive and motor tasks [52]
to the analysis of muscle synergies and functional muscle connectivity [33]. As such, this novel
method has proved to be able to group muscles based on their common input by the use of muscle
synergies [29] and has been further investigated to create functional muscle connectivity networks
based on the common spectral content of the neural drive [87]. The previous chapter introduced the
analysis of the later analysis on functional muscle connectivity by the use of acoustic/microphone
MMG. This chapter aims to exploit the potential of the mechanical nature of the MMG signal cap-
tured from multiple directions by the use of accelerometers. There are a number of studies in
the literature suggesting the propagation of the MMG signal along multiple directions with respect
to the muscle fibres’ alignment. By the use of an accelerometer, MMG activity can be quantified
along these directions in order to perform muscle connectivity analysis based on intermuscular
coherence in the three orthogonal directions of the muscle fibres.

In this chapter, accelerometer-based MMG activity is used for the first time to generate three-
dimensional muscle networks and evaluate the different topologies along with the information
content of each direction of the MMG. This functional connectivity analysis is performed for four
superficial muscles in the forearm during the execution of hand gesture tasks. Similar to the analy-
sis carried out in the previous chapter, network analysis is performed during sustained contractions
in a cohort of 20 able-bodied participants. Muscle network topologies are expected to be distinct
not only between gestures and frequency bands but also between axis, showing unique character-
istics for each axis as the signal propagates in multiple directions. In this way, this study aims to
find characteristic network topologies and differences between tasks, frequency bands, and axis.
In addition, the study presented here also aims to investigate the effects of normal force on the
quality and discriminative power of the accelerometer MMG signal when different levels of contact
force are applied. Multiple spectrotemporal metrics are evaluated and statistically compared to
quantify the effect of normal force variations on the features of the signal which are reflected in
the performance of a gesture classification model. This characterization of MMG-based functional
muscle networks and the effect that normal force has on accelerometer-based MMG offer a new
toolset with potential for the examination of the neurophysiology behind the motor function and the
application of the methodology for its use in rehabilitation and human-machine interfaces.
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5.2 Introduction

5.2.1 Functional Muscle Networks
In the last decade, research on neural synchronization has been extended from neuron pairs cou-
pling [61] to the analysis of coherent neural organization [43, 123]. One example of this is the study
of the neural circuitry involved in the motor system as it facilitates the execution of complex motor
activities [200] by coactivating coordinative groups of muscles to be able to integrate movements
into a functional task [125, 193]. This coordinative activation of collective groups of muscles is
governed by the central nervous system (CNS) [29] and is possible by the synchronization of the
neuronal activity which plays a primordial role in the neurophysiological drive to the muscles [120].
Intermuscular coherence (IMC) is a method used to investigate this oscillatory common input to
the muscles by characterizing the spectral synchronization of the neural drive to the groups of mus-
cles [33, 101]. This method is extended using network analysis which describes characteristics of
complex neurophysiological network structures by determining their topological representations
and quantifying their properties [157], an analysis that has proven crucial for understanding neural
connectivity during the execution of motor actions [35]. In this way, network analysis is used to
unravel interactions between the CNS and the musculoskeletal system [89].

These methodologies, intermuscular coherence and muscle networks analysis, allow for the isola-
tion of key spectral characteristics of the neural drive to groups of muscles which enable the CNS
to simplify functional control via synchronous muscle activation [32, 33, 87–89]. For example, in
[33], the analysis was used to show distinct patterns of connectivity between muscles not only
across the different postural tasks but also across constituent frequency bands. More recently, in
[87] the analysis of muscle networks was extended to different stages of gait cycle, showing how
network characteristics vary according to the gait cycle, how the neuromuscular system couples
anatomical and functional linked muscles during locomotion, and how this information is encoded
into different frequency band components. These studies show task-specific changes with local-
ized and widespread connectivity between muscles at multiple frequency bands depending on the
motor task.

5.2.2 MMG Muscle Activity
Electromyography (EMG) remains the gold standard in myographic sensing employed in the anal-
ysis of muscle networks. While the source of nearly all muscle connectivity validation studies,
EMG suffers from well-documented limitations imposed by skin-related impedance (sweat, scar
tissue, etc.), specialized equipment requirements, and electromagnetic interference susceptibility
which can hamper use out-of-clinic [1, 100]. Mechanomyography (MMG) offers a simple alterna-
tive to tackle these limitations as a myographic modality that traces the mechanical response of
active muscle fibres during a contraction as opposed to the electrical innervation of the muscles
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[76]. Muscle network analysis by the use of MMG was previously introduced in [116] for the anal-
ysis of functional intermuscular connectivity alterations linked to upper-limb loss and differences
in muscle network topologies derived from different hand gesture tasks. The results showed evi-
dence that the spectral features of the MMG signal can be used to construct muscle connectivity
networks, reflecting the common spectral space shared by specific muscles when performing dif-
ferent motor tasks. However, based on the literature on the directional propagation of MMG [79],
analysis of the multi-directional space of MMG is necessary to further elucidate the characteristics
of the MMG signal as it propagates along the different directions with respect to the muscle fibres
alignment.

5.2.3 Research Focus
One of the main characteristics of MMG is the directional propagation of information. In this study,
for the first time, we propose the concept of three-dimensional (3D) muscle networks based on vi-
brational MMG (vMMG). Four superficial muscles are considered to formulate the functional mus-
cle networks during various hand gesture tasks. Based on the evidence in the literature around
the multi-directional propagation of MMG, we hypothesize that the multi-dimensional muscle net-
works will reflect the degree to which the signal propagates along the different directions of the
muscle fibres’ alignment. This manner of spatial mapping lends itself to MMG since EMG, due
to the nature of the signal, cannot show propagation across muscle fibres. As such, we expect
these three-dimensional muscle networks to show not only distinct topological characteristics be-
tween hand gestures at multiple frequency bands but also between the longitudinal, lateral, and
transverse directions of the muscle fibres. Furthermore, we hypothesize that the coherent acti-
vation of muscles, showing the common spectral patterns of muscle activity, are distinct enough
between gestures and directions, and can be further exploited to build discriminative models for
hand gesture prediction. As a result, intermuscular coherence generated from all muscle pairs
from the vMMG armband is proposed as the input to train a classifier for the prediction of hand
gestures.

The main objectives of this study are:

• Derivation of functional intermuscular connectivity between forearm muscle pairs at low, medium,
and high-frequency bands by the use of multi-axis MMG transducers during the execution of dif-
ferent hand gesture tasks.

• Identification of multi-dimensional muscle networks, based on intermuscular coherence extracted
from each axis of vMMG, during the execution of different hand gesture tasks.

• Identification of distinctive characteristics in muscle network topologies based on the gesture
performed, frequency band, and the direction of propagation.

• Implementation of a classification model based on intermuscular coherence derived from ac-
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celerometer MMG to explore the gradient of discriminative information distributed along the
different directions of propagation of muscle fibres.
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5.3 Materials

5.3.1 Sensor Design
The sensor introduced in this section follows a similar design to that discussed in Chapter 3. The
design has been adapted to house a printed circuit board (PCB) containing a 3-axis accelerometer.
The sensor is comprised of five components: a case which houses the sensor, an accelerometer
(m-cube MC3635), a piece of mylar film onto which the sensor is glued to ensure direct contact
with the skin, a cover to isolate and protect the wiring, and a stabilizing ring used to maintain
tension on the film at the same time as it stabilizes the sensor. Different from the previous design,
this sensor’s case has been adapted such that the dimensions and shape of the main (previously
’acoustic’) chamber fit the diameter and an added tolerance of the PCB with the accelerometer,
which has a dimension of 5 mm. Fig. 5.1 shows a schematic of the custom-made accelerometer
MMG sensor developed for the study carried out in this chapter.

Cover

Mylar film

Case

Stabilizing ring

Accelerometer

Isolation chamber

Wiring holes

1 mm

Figure 5.1: Cross-section view of custom-made accelerometer MMG. The device is comprised of
five parts: a case that encloses all the components together, an accelerometer, mylar film onto
which the accelerometer is glued to securely position the sensor and ensure direct contact with
the skin, a cover to seal and protect the wiring, and a stabilizing ring, which is used to keep tension
on the film and prevent the case from shifting or tilting. The isolation chamber is sealed using hot
glue in order to reduce noise artifacts and ensure secure connections.

5.3.2 Graphical User Interface
In order to carry out the experiments intended for the study proposed in this chapter, a graphical
user interface (GUI) was developed to effectively gather and store data. The GUI consists of three
buttons, participant-information, start-recording, and stop-application. Fig. 5.2 shows a schematic
of the options in the GUI. Each of these functions has different functionality. Participant informa-
tion is used to save participant data prior to commencing the experiment. Start recording is used
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once the sensors have been put in place and the participant is ready to start the experiment. Stop
application is used once the experiment has culminated.

Figure 5.2: Graphical User Interface (GUI) designed for data collection. The GUI has three options:
participant-information, start-recording, and stop-application. Each option includes different func-
tionality.

5.3.2.1 Participant Information

This option opens a window in which participant details are introduced. Fig. 5.3 shows a schematic
of the options when the window participant information is opened. ID is generated according to
the numeric identifier for each participant in the experiments. Additional information includes age,
gender, dominant arm, skinfold thickness measured by the use of a skinfold calliper, and finally arm
diameter.

5.3.2.2 Start Recording

This option opens a new window running two parallel lines of commands (threads). The first line of
execution operates in the background collecting the information sent from the wearable armband
device and storing it into a binary file for post-processing. The second line of execution takes care
of the front end and displays a square wave with a 10 s period on a plot to direct the participants
during the experiment. Both threads are initialized once the ’Start’ button is selected and they end
once the ’Stop’ button is pressed. The ’Clear’ button initializes the plot from zero. A display text
box is shown at the bottom to indicate the correct execution of the program or flag any errors. Fig.
5.4 shows a schematic of the options when the option ’Start Recording’ is selected.
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Figure 5.3: Participant Information. This option is used to open a new window in which participant
details are saved. Information includes ID, generated based on the participant number, age, gender,
predominant arm, skinfold thickness, and arm diameter. The information is gathered prior to the
participant starting the experiment and saved in a secured comma-separated file (csv).
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Figure 5.4: Start Recording. This option of the graphical user interface enables the data acquisition
mode. Two parallel threads are run in order to store information and to show visual cues to the
participants during the experiment. The first thread is run in the background and it is responsible for
acquiring and storing the MMG information sent from the wearable armband device. The second
thread is used for the front end and it is used to show a square wave signal with a period of 10 s to
guide the participants during the experiments.
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5.4 Methods

5.4.1 Participants
Twenty individuals (12 males, 8 females, mean age 25 ± 7 years old) participated in this study.
See table 7.1 for additional participant information. Participants provided their signed informed
consent before taking part in the experiments. All experiments were approved by the Imperial
College Research Ethics Committee (ICREC reference: 15IC3068).

5.4.2 Experimental Design
For this study, a four-channel accelerometer-based MMG armband was assembled following the
design described in [36]. Data was collected using the custom-made MMG armband comprised
of four MC3635 3-axis accelerometer sensors configured with a resolution of ± 2 g. Accelerome-
ters were positioned such that the axes were aligned with respect to the muscle fibers. The x-axis
was aligned with the longitudinal direction, the y-axis was aligned with the lateral direction, and the
z-axis was aligned with the transverse direction of the muscle fibers. Information was recorded
while participants performed different hand gesture tasks. The experimental protocol followed
the one described in [116]. For this study, gestures and target muscles were maintained. Namely
wrist Flexion, Extension, Pronation, and Supination for gestures and flexor carpi radialis (FCR), bra-
chioradialis (BRD), extensor digitorum communis (EDC), and flexor carpi ulnaris (FCU) for target
muscles. Each participant was asked to follow a square wave presented on a monitor in front of
them to keep track of the timing of the contractions (see 5.5 for an illustration of the experimen-
tal layout). Participants were asked to stay still for the duration of the experiment to minimize
motion-induced artifacts. All participants performed a training trial which consisted of performing
a series of sustained contractions of two randomly selected gestures. Each participant performed
7 repetitions of each gesture with intervals of 5 seconds of rest between each contraction. The
experiment consisted of the same process as that of the training trial with gestures divided into
two groups, each of two randomly ordered gestures. Intervals of 10 s of duration were applied at
the beginning and the end of each of the two groups of recordings. The order of the gestures was
randomized for each participant. The full duration of the experiment took less than 10 minutes for
each participant.

5.4.3 Data Processing
The raw MMG signal of each channel was analyzed to extract the steady-state phase of the contrac-
tion. Three seconds of information were extracted for each contraction. MMG data was collected
using a sampling frequency of 1 kHz. The raw signal of each MMG transducer was filtered using a
fourth-order band-pass Butterworth filter in the range of 1 - 150 Hz. A Hilbert transform was applied
to the filtered data in order to obtain the analytic representation of the signal to be further used in
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Figure 5.5: Experimental Layout. Participants were asked to perform four different hand gestures
by following a square wave with a 10 s period displayed on a monitor in front of them to keep track
of the duration of the contractions. Each contraction was sustained for a period of five seconds
with five seconds of rest between contractions. The cross-section view of the forearm is presented
to illustrate the muscles of interest and sensor placement. Sensors were positioned over the flexor
carpi radialis (FCR), brachioradialis (BRD), extensor digitorum communis (EDC), and flexor carpi
ulnaris (FCU) muscles. A detailed view of the cross-section view of the sensor is shown on the
right side to illustrate the accelerometer positioning in contact with the skin.

the calculation of the power spectral densities of the signals. These same data processing steps
were applied for information collected along the three directions of the sensors.

5.4.4 Intermuscular Coherence
Intermuscular coherence was extracted between each muscle pair following the method described
in [116] for the calculation of modified magnitude squared coherence (MMSC). In this study, we used
a method based on the average of trials to estimate IMC instead of the concatenation of trials to
minimize the presence of spurious coherence. Each 3-second trial of data was zero-padded at
both ends by a number of samples equal to half of the segment samples needed to account for
the full 1024 segments for the calculation of coherence. Coherence was then evaluated using a
segment of 1024 samples, a Nuttall window, and 50% of overlap. To prevent spurious coherence
resulting from edge effects caused by the zero-padding process, each 3-second trial of information
was multiplied by a Tukey window using a cosine-tapered section of 0.05 [30]. IMC was extracted
from each of the seven trials, then averaged across trials and subsequently averaged across partic-
ipants. This process was applied for each accelerometer direction. In this way, IMC was generated
for all muscle pairs, all gestures, for all directions, resulting in a matrix of (cxmxgxd), denoting c

coherence values, m muscle pairs, g number of gestures and d number of directions.
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5.4.5 Spectral Decomposition
Non-negative matrix factorization (NNMF) was used to decompose the MMG spectral space into
frequency band components to identify the common frequency space at which the target mus-
cles are co-modulated by the neural drive when performing different hand gestures and utilize the
spectral characteristics of the signal to subsequently generate the corresponding muscle networks.
Frequency band components were defined as 1-5 Hz for low-frequency information, 5–12 Hz for
medium-frequency oscillations caused by tremor, and 12–40 Hz to capture high-frequency infor-
mation produced by the inner muscle fibres oscillations, all of which constitute the MMG spectral
space [121, 131, 199]. NNMF was used to decompose the spectral space of the signal into fre-
quency band components with their corresponding coupling strength across all muscle pairs for
all gestures along each direction. In this way, NNMF was applied to all coherence matrices cxm

corresponding to each gesture for each direction. A multiplicative update rule was used to mini-
mize the objective function and constraint the scope of each component to that of the frequency
bands, as described in [116]. IMC of all muscle pairs was decomposed over the intervals speci-
fied above into non-negative factors using an alternating least squares algorithm, thus resulting in
two non-negative matrices reflecting the spectral signatures (basis vectors) and the corresponding
coupling strengths between all muscle pairs for each gesture and each direction.

5.4.6 Muscle Networks
Basis vectors along with the coupling strengths generated for each frequency band component
were used to extract task- and frequency-specific matrices for each gesture and each direction.
The resulting adjacency matrices were then used to generate the undirected weighted functional
connectivity networks. Muscle networks are constructed so that each target muscle represents
a node in the network and the edges of the network are defined by the connections between the
nodes, denoted by the basis vectors obtained from the NNMF process. Fig 5.8 shows the muscle
networks for each gesture (columns) and frequency component (rows) for each direction.

5.4.7 Feature Extraction
For the purpose of training a multi-class classification model based on IMC, information from each
trial was segmented into windows of 0.97 ms (1024 samples) with 50% of overlap. IMC was cal-
culated following the same process mentioned above for each one of the generated segments. In
order to improve computational speed, the feature space was reduced to discard IMC information
at frequencies higher than 256 Hz as they have a negligible effect on classification performance.
IMC data from all muscle pairs for the entire frequency domain were concatenated to generate the
feature space. The feature space was subsequently segmented using a hold-out validation method
consisting of 80% of the data used for training and 20% of data used for testing. A multi-class sup-
port vector machine (SVM) model was trained and tested for each participant using the feature
space generated.
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Figure 5.6: Power spectral densities shown for the different muscles (columns: FCR, BRD, EDC,
and FCU) for all gestures (red: Flexion, yellow: Extension, purple: Pronation, and green: Supination)
for each direction of propagation (rows: Longitudinal, Lateral, and Transverse). Power spectral
densities were averaged across trials, muscles, and participants.

5.5 Results & Discussion
In this chapter, the intermuscular coherence between muscle pairs from four superficial muscles in
the forearm was extracted for the generation of task-specific muscle networks and the evaluation
of a classification model for the detection of hand gestures. Following the signal processing steps
and after obtaining the analytic representation of the signal, the power spectral densities (PSDs)
for each channel along each direction were extracted for each trial and all gestures. PSDs were
averaged across all trials and subsequently across participants in order to obtain the mean power
spectral response of each muscle when performing different gestures. Fig 5.6 show the PSDs
for all gestures for each muscle (columns) and each direction/axis (rows). PSDs of all directions
showed power information at frequencies no higher than 40 Hz, with minimal power found at higher
frequencies. Interestingly, the PSDs across directions show similar profiles with distinct power
information depending on the gesture, muscle, and direction.

5.5.1 Muscle-Pairs Coherence
Intermuscular coherence was calculated for each muscle pair for all gestures, participants and
directions. Fig 5.7 shows the IMC activity for all muscle pairs (columns) for each direction/axis
(rows). The confidence interval is calculated following the method described in [187] for over-
lapped segments. IMC show functional activation at multiple frequencies with distinct profiles
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across muscle pairs and similar spectral common response across gestures with different scaling
factors. Coherent activation across muscles is observed at multiple frequencies below 40 Hz. IMC
results show high levels of connectivity for FCR-BDR, FCR-EDC, and EDC-FCU muscle pairs along
the longitudinal direction (longitudinal), widespread common spectral activity across the lateral di-
rection (lateral), and high connectivity for FCR-EDC, FCR-FCU and BDR-FCU muscle pairs for the
transverse direction (transverse). For the transverse direction, and different from the other two
directions, low levels of IMC were found for FCR-BDR, BDR-EDC, and EDC-FCU muscle pairs. IMC
for the different hand gestures shows common frequency information across directions with dis-
tinct profiles for specific muscle pairs. Flexion shows the highest IMC for FCR-BDR and EDC-FCU
muscle pairs along the longitudinal and lateral directions, with low IMC along the transverse di-
rection. Extension shows a distinct higher activity of IMC in the lateral direction across muscle
pairs BDR-EDC, BDR-FCU, and EDC-FCU. Higher coherent activity compared to Flexion was found
along the transverse direction for Extension. Pronation shows the highest IMC in the longitudinal
direction for FCR-BDR muscle pair. Supination shows distinctively higher levels of IMC compared
to the other gestures across all muscle pairs in the transverse direction. The highest peak of IMC
for Supination was found for FCR-EDC.

5.5.2 Muscle Networks
Intermuscular coherence found across the frequency spectra were decomposed into frequency
ranges according to the spectral bands of interest (i.e., 1-5, 5-12, 12-40 Hz). Basis vectors and
coupling strengths resulting from the spectral decomposition were used to generate muscle con-
nectivity networks for each gesture at each frequency component for every direction. Fig 5.8 shows

 

   

   

   

       

 
 
 
 
  
 
 
  
 
 

                                   
   

   

   

   

  

 

   

   

 
 
 
 
 
 
 

     

              

 

   

   

   

   

 
 
 
 
  
 
 
 

 
 
 
 
 
 
 
 
 
 

                         

Figure 5.7: Intermuscular coherence between all muscle pairs (columns). Coherence is shown
between all muscles for each gesture across every direction of propagation captured by the ac-
celerometer (rows).
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Figure 5.8: Intermuscular coherence between muscle pairs was decomposed into three frequency
bands using non-negative matrix factorization. The three frequency components were defined as:
k1: 1-5 Hz, k2: 5-12 Hz, and k3: 12-40 Hz. Left-side, muscle connectivity networks were extracted
for each gesture (columns) at each of the frequency components (rows) for all axes (groups of
rows). Functional networks were generated using the common spectral patterns and the corre-
sponding weightings across frequency bands. Weightings were used to define the strength of the
connections (edges) between muscles (nodes). Connectivity strength is illustrated by the gradient
of colour defined by the colour bar and the thickness of the connection. Node strength is illus-
trated by the size of the node and it is defined by the weightings of the edges connected to the
muscle. Right-side, cross-section view of the forearm for illustration of the positioning of a single
accelerometer sensor over a target muscle. Each accelerometer was aligned such that the x-axis
was co-lineal with the longitudinal direction of the muscle fibre, the y-axis was co-lineal with the
lateral direction of the muscle fibres, and the z-axis was aligned with the normal direction of the
muscle fibres.

the functional connectivity networks for all gestures (columns) at each frequency band component
(rows) for the three directions of the accelerometers (groups of rows). Symmetric networks are
illustrated for better identification of connectivity distinctions between muscle pairs.

C.S.M.C. Perspectives of Mechanomyography 116



5.5. Results & Discussion Three-dimensional Muscle Networks

5.5.2.1 Longitudinal networks

The first component yields distinct connectivity topologies between gestures. Flexion shows strong
connections between medial forearm muscles (FCR-BRD) and lateral muscles (FCU-EDC). Exten-
sion shows a similar topology with higher connectivity compared to flexion between FCR-EDC mus-
cles. Pronation shows strong connectivity between FCR-BRD. Supination shows a strong connec-
tion between FCR-EDC muscles. The second frequency component yielded similar topologies to
those of the first frequency component with stronger and more evident distinctions in connections
between muscle pairs. In this component. Flexion shows stronger connectivity between FCR-BRD.
High connectivity is also found between FCU-EDC. Similarly, Extension shows strong connectivity
between FCR-BRD and FCU-EDC, with a stronger connection between FCR-EDC muscles. Prona-
tion shows a similar topology to that of Flexion, with strong connections between FCR-BRD and
FCU-EDC. Supination presents a similar topology to Extension, with strong connections between
FCR-BRD, FCU-EDC, and even stronger connectivity for FCR-EDC. The lowest levels of connectivity
across gestures and components were found between FCU-BRD. The third frequency component
shows widespread medium levels of connectivity across muscles for all gestures. This component
shows stronger connectivity for all gestures between anterior and posterior muscle pair connec-
tions compared to the first two components. Fig 5.8 indicates a transition from localized connec-
tivity between muscle pairs at low frequencies (i.e., 1-5 Hz) to stronger localized connections at
medium frequencies and widespread connectivity at high frequencies.

5.5.2.2 Lateral networks

The first component shows medium-to-high connectivity between the FCU-BRD-EDC triplet for Flex-
ion. High connectivity between FCU-EDC and medium connectivity for FCU-BRD and FCR-BRD was
found for Extension. Pronation shows strong connectivity for FCU-EDC muscle pair. Supination
shows strong connectivity for FCU-EDC with medium to high levels of connectivity for FCU-BRD and
FCR-EDC. In general, the muscle pair FCU-EDC shows strong levels of connectivity across gestures,
with FCU-BRD showing a similar characteristic with medium levels of connectivity. For the second
component, a phenomenon similar to the longitudinal direction was found, where the connectivity
between muscles shows a higher level of connectivity compared to those of the first component.
Flexion shows strong connectivity between FCR-BRD muscles. Extension shows a similar topology
to Flexion with medium levels of connectivity between FCU-BRD. Pronation shows high connectiv-
ity between FCU-EDC with low levels of connectivity between the rest of the muscles. Supination
shows strong connectivity between FCR-BRD, FCU-BRD, and FCU-EDC. Interestingly, the second
component for the lateral direction shows low connectivity between FCU-BRD muscles across all
gestures and medium to low connectivity between anterior and posterior muscle pair connections.
The third component shows medium levels of connectivity across muscles and gestures. This
component shows an increase in connectivity for FCU-BRD across all gestures compared to the
previous component and a similar behaviour for FCU-FCR and BRD-EDC.
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Table 5.1: Statistical Comparison for Classification Performance

Force Levels Direction ∗ Probability % Variation

Force Level 1 vs Force Level 2
Longitudinal p: 0.25 2.86% ↑

Lateral p: 0.38 2.51% ↓
Transverse p: 0.23 3.93% ↓

All-Directions p: 0.88 0.36% ↓

Force Level 1
Longitudinal vs. All ∗ p: 4.1e-10 26.61% ↑

Lateral vs. All ∗ p: 2.6e-07 16.24% ↑
Transverse vs. All ∗ p: 6.7e-09 18.93% ↑

Force Level 2
Longitudinal vs. All ∗ p: 8.4e-09 23.39% ↑

Lateral vs. All ∗ p: 7.2e-07 18.39% ↑
Transverse vs. All ∗ p: 5.2e-08 22.50% ↑

Significance is shown in red color for the Bonferroni-adjusted significance
adjusted-p-value<0.0166, df=3 for the statistical comparison between uni-
directional and multi-directional trained classification models.

5.5.2.3 Transverse networks

The first component for the transverse direction shows widespread connectivity for most muscle
pairs across gestures with distinctive low connectivity between FCR-FCU and FCU-EDC. Medium
to high levels of connectivity are found between FCU-BRD and FCR-EDC and medium to low levels
of connectivity are found between FCU-EDC and FCR-FCU across gestures. The second compo-
nent shows topologies similar to the first component with more evident differences in connectivity
strength between muscle pairs. Flexion shows strong connectivity between FCU-BRD and FCR-EDC
and heterogeneous connectivity between the rest of the muscle pairs. Extension shows distinc-
tively strong connectivity between the same muscles (FCU-BRD and FCR-EDC). Pronation shows
the highest connectivity across gestures, components, and directions between FCU-BRD. Medium
to high connectivity is found between FCR-EDC and a characteristic low connectivity strength is
found between the peripheral connections. Supination shows a similar topology to those of Flex-
ion and Extension. For this component, characteristic low connectivity between FCR-BRD and BRD-
EDC is found across gestures. In the third component, similar topologies to those of the first two di-
rections are found with widespread connectivity between all muscle pairs across gestures. Muscle
connectivity strength increased for muscle pairs FCR-BRD and BRD-EDC compared to the second
component.

The longitudinal direction shows strong connectivity between FCR-BRD and FCU-EDC across ges-
tures and low connectivity between FCU-BRD. The lateral direction shows high connectivity be-
tween FCU-EDC and low connectivity between the diagonal connection FCR-EDC across gestures.
Interestingly, the transverse direction shows strong connectivity between the diagonal muscle con-
nections FCU-BRD and FCR-EDC. The distinct differences in the topology of the networks between
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directions suggest unique spectral characteristics of the mechanomyography along the three di-
rections of muscle fibre alignment. The functional strengthening of muscle connectivity from the
first to the second frequency component seen across directions suggests overlapping spectral re-
sponses between low-frequency oscillations caused by movement and tremor, respectively, with
tremor accounting for the majority of the common spectral power between muscles. This common
characteristic for the first two components across directions along with the similar topological sig-
natures for the different directions in the third component suggests a multi-directional propagation
of the mechanomyography activity along the longitudinal, lateral, and transverse directions.

Regarding the role of each muscle during the gestures, both flexor muscles and the extensor digito-
rum communis play a role in wrist Flexion and Extension, therefore it is to expect a high functional
activation of the FCR-FCU-EDC muscles. FCU shows high connectivity with the EDC muscle across
directions. FCR-EDC shows high connectivity along the transverse direction only. Interestingly, the
BRD muscle shows high connectivity with the FCR along the longitudinal direction. Similarly, high
connectivity was found for FCU and EDC muscles for Extension along the longitudinal and lateral
dimensions, and a strong connection between FCR-EDC muscles for the lateral and transverse di-
rection. The brachioradialis muscle is in its majority responsible for gestures Pronation and Supina-
tion; therefore, a higher level of connectivity is expected for vertices connected to the BRD muscle
during those gestures. High connectivity between FCU-BRD is found for the lateral direction and
more evidently for the transverse direction. Interestingly, similar topologies were found between
Extension and Supination across directions for the second frequency component. The highest
levels of connectivity were found along the longitudinal and transverse directions, suggesting a
higher propagation of the MMG signal in these directions in line with the directional propagation of
mechanomyography activity longitudinally and normal with respect to the muscle fibers according
to previous findings [41].

5.5.3 Contact Force
Different myographic transducers have been applied in MMG investigations to successfully cap-
ture the signal. Typically, MMG modalities have been found to be affected by different factors,
such as the length of the muscle being tested, external artefacts, cross-talk, and skin thickness
[76]. Particularly, all MMG sensing modalities have been shown to be influenced by the pressure
with which the sensor is secured to the skin [31, 178, 197]. A recent study regarding the association
of anthropometric parameters and the temporal features of accelerometer MMG [180] found that
the signal remains invariant and robust to changes in arm diameter, muscle length, and skin-fold
thickness, with also minimal crosstalk between arm and forearm muscles. However, there is mini-
mal investigation on the effect of changes in contact force between the sensor and the skin on not
only the temporal but also the spectral features of the accelerometer MMG signal.

In [36], the authors demonstrated how different levels of contact force affect the temporal and
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spectral properties of the acoustic MMG signal, evident in changes in the signal-to-noise ratio and
bandwidth, resulting in alterations in the discriminative power of the signal when discerning mul-
tiple hand gesture tasks. Results of the study indicate that increasing the normal force between
the MMG sensor and the skin causes subject-specific variations in the quality and discriminative
power information for the classification of gestures. Previous studies on the effect of contact force
on MMG activity indicate that higher levels of contact force result in an increase in the amplitude
of the signal [31, 178]. However, in the case of the MMG detected using accelerometers, there is
only a small number of investigations on the effect of contact force. In [197] the authors showed
that progressively adding higher loads to the sensor (from 2 g to 50 g), thereof increasing the level
of contact force, results in gradual signal distortion. The lack of systematic investigation and un-
derstanding of this phenomenon on MMG captured using accelerometers motivates the analysis
of the quality and discriminative power of the signal under different levels of contact force. Mak-
ing use of the sensor design described in [36] adapted for accelerometer sensors, the experimental
protocol described above was also performed using a second level of contact force. To ensure con-
sistency, during the first part of the experiment described above the first level of contact force was
determined by matching the length of the armband with the arm diameter of each participant. The
second level of contact force consisted of protruding each sensor 3 mm onto the skin while main-
taining the same length of the armband and without removing it, effectively increasing the level of
contact force between the sensor and the skin and ensuring the same sensor location.

5.5.4 Spectrotemporal Features variations
Temporal and spectral features of the MMG signal have shown to contain essential information
regarding neuromuscular control of muscles, providing important insights into the strategies of
motor unit recruitment and firing rate [2, 23]. Gaining a better understating of how changes in
contact force alter the features of accelerometer MMG could improve the usability of the signal for
the analysis of the neuromuscular function of the muscles. In order to evaluate the spectrotemporal
changes between the levels of contact force for the MMG response, three temporal metrics and
three spectral metrics were extracted for each channel/muscle, gesture, and level of force in all
directions. Temporal features include the following:

5.5.4.1 Root Mean Square (RMS)

RMS is a widely used feature in MMG activity commonly used for the analysis of fatigue, force pro-
duction, toque [191], and has also been used for hand gesture classification [8]. The mathematical
derivation can be expressed as:

RMS =

√√√√ 1

N

N∑
i=1

x2
i (5.1)
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Figure 5.9: To analyze the effect of contact force in the time and frequency domain of the MMG
signal, three temporal (MNF, PKF, MNP) and three spectral (RMS, LOG, WL) features of the MMG
activity were extracted for all muscles, gestures, directions and averaged across trials and partici-
pants. The percentile variations of the features from the first level of contact force to the second
level of contact force are shown for each spectrotemporal feature (rows) for every muscle (bars),
gesture (colour-coded groups of bars), and for all directions (columns).

5.5.4.2 Log Detector (LOG)

LOG is a feature commonly used in EMG to obtain an estimate of muscle contraction [189] and it
has recently been used in MMG for estimation of muscle strength [208]. It can be defined as:

LOG = exp

(
1

N

N∑
i=1

log(|xi|)

)
(5.2)

5.5.4.3 Waveform Length (WL)

WL is defined as the cumulative length of the signal over time segments and it is a measure of the
complexity of the signal. It can be calculated by:

WL =
N∑
i−1

|xi − xi−1| (5.3)

Frequency domain features include:
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5.5.4.4 Mean Frequency (MNF)

MNF is a spectral feature that is calculated as the summation of the product between the frequency
and the power present at each frequency divided by the total power spectrum. It can be calculated
as:

MNF =

∑M
j=1 fiPj∑M
j=1 Pj

(5.4)

where,

fj is frequency of the spectrum at frequency bin j,
Pj is the EMG power spectrum at frequency bin j, and
M is length of the frequency bin

5.5.4.5 Peak Frequency (PKF)

PKF is known as the frequency at which the maximum power occurs. It is defined as:

PKF = fj such that max(Pj) (5.5)

with, j = 1, . . . ,M

5.5.4.6 Mean Power (MNP)

MNP is defined as the average power of the spectral response of the MMG signal. Similar to RMS,
this feature has been used in the literature for the analysis of torque [23]. The calculation is defined
as:

MNP =
1

M

M∑
j=1

Pj (5.6)

Fig 5.9 shows the percentage change of each spectrotemporal feature between force level one
and force level two for each direction. Features were averaged across participants. Results from
the longitudinal direction show in general an increase in the MNF across gestures, suggesting an
increase in the power across frequencies. A similar characteristic is also found for the PKF with
increases across the majority of the gestures and a general small decrease for the FCU muscle for
most gestures except for Flexion. However, results from MNP show a general decrease in values
across gestures, with the exception of Pronation. RMS and LOG showed a general decrease across
gestures with the exception of Pronation, which showed minimal increase in both features. The
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decrease in RMS indicates a lower average amplitude of the signal for the second level of force, in
line with results in MNP. The decrease in LOG, implying a decrease in muscle contraction could be
explained as a result of limited mobility of the muscles at higher levels of contact force. WL showed
heterogeneous variations across muscles and gestures between levels of contact force.

Results from the lateral direction show a less pronounced increase in the MNF compared to the
longitudinal direction, showing in general small increases across gestures. Heterogeneous varia-
tions were found for the PKF across gestures with small variations of this feature between contact
force levels. Results from the MNP show a decrease across muscles for Flexion and Supination,
small increases across muscles for Pronation, and small variations for Extension. These results,
similar to the longitudinal direction, showing a decrease in the MNP and increase in MNF indicate
lower power information is found in the second level of contact force with a shift of the active
frequencies in the first level towards higher frequencies at the second level of contact force, re-
sulting also in increases for the PKF. Interestingly, Pronation showed the opposite characteristic
for both directions, showing an increase for both MNP and MNF with a decrease in PKF. These
results suggest a shift of the power information of the active frequencies in the first level of force
towards lower frequencies at the second level of contact force, hence producing lower PKF at the
second level of force. RMS and LOG show a decrease across gestures except for Pronation which,
as expected from the spectral features, shows the opposite characteristic compared to the rest
of the gestures. WL shows an increase across muscles for Flexion, Extension, and Supination,
and for anterior muscles for Pronation. A decrease in WL was found for posterior muscles during
Pronation.

Results from the transverse direction show increase in MNF for Flexion, Extension, and Supination,
and a decrease in Pronation. Heterogeneous variations were found across muscles and gestures
for the PKF with Supination showing an increase across all muscles. MNP present a decrease in
the mean power information for Flexion, Extension, and Supination. Minimal changes were found
for Supination across muscles with a characteristic increase for EDC muscle. Similar character-
istic variations across muscles and gestures were found for RMS and LOG. WL show the lowest
variations across directions and heterogeneous variations across muscles depending on the ges-
ture. Results of WL across directions show that the characteristic complexity of the signal for each
muscle and gesture is detected in all directions of the accelerometer. Interestingly, the lowest vari-
ations across temporal and spectral features were found for Pronation across all directions.

5.5.5 Gesture Classification
Fig 5.10 shows the confusion matrices and the distribution of the accuracies for the gesture clas-
sification models trained using IMC from individual directions and from the combination of all di-
rections. For the longitudinal direction, Extension and Pronation were classified correctly more
generally than Flexion and Supination. Extension shows the highest rate of classification across
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Figure 5.10: Top. Confusion matrices of the performance of the classification models based on
a single axis and the combination of axes (last column) of the accelerometer for each level of
contact force. Bottom. Violin plots that illustrate the distribution of the classification accuracies
of the models across participants for single- and multi-axis-based models for each level of contact
force.

gestures for both levels of contact force. Supination shows the lowest classification rate across
gestures for both contact force levels, with the majority of miss-classifications being identified as
Pronation for the first level of contact force and as Extension for the second level of contact force.
In the lateral direction, Flexion showed the highest rate of classification for the first level of force,
with Pronation and Supination showing the lowest rates. In the second level of force, Pronation
yielded the highest classification rate and Supination showed the lowest. In general, classifica-
tion rates decreased in performance between the first and second levels of contact force with the
exception of Pronation, which showed an increase in the classification rate. For the transverse di-
rection, the highest classification rate was found for Pronation and the lowest accuracy was found
for Flexion in the first level of contact force, with the majority of miss-classifications identified as
Pronation. The second level of contact force showed in general a decrease in classification per-
formance compared to the first level of force and similar levels of classification accuracies across
gestures. In the case of the multi-directional trained model, the highest classification rate was
found for Flexion for the first level of contact force and Extension for the second level of contact
force. The lowest classification performance was found for Supination for both force levels.

The lowest accuracies were found for the models trained using longitudinal direction IMC features.
Models trained using IMC features along the lateral direction yielded the highest performance be-
tween directions. Interestingly, model performance for the second level of force shows higher
variance compared to the first level of force across directions. However, the opposite results are
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found for the model trained using features from all directions, showing less variance in accuracy
distribution for both levels of force. The classification accuracy of the models shows similar per-
formance between the two levels of force across directions. As expected, similar behaviour is
found for the model trained using all directions. The mean accuracy of classification for the first
level of force in the longitudinal direction is 57.5%, which increased to 60.3% for the second level of
force with standard deviation 0.112 and 0.139, respectively. The accuracy of classification for the
lateral direction and transverse direction decreased between the first and the second level of force.
Classification for the lateral direction yielded 67.87% and 65.36% for the first and second levels of
force, respectively, with standard deviation 0.087 and 0.099, respectively. Classification accuracy
for the transverse direction shows a decrease from 65.1% for the first level of force to 61.2% for
the second level of force with standard deviation 0.132 and 0.111, respectively.. As expected, the
mean classification accuracy of the multi-directional trained model showed a substantial increase
in accuracy with similar performances between levels of force, yielding 84.11% and 83.75% for the
first and second levels of contact force, respectively, with standard deviation 0.087 and 0.074, re-
spectively.

5.5.6 Statistical Analysis
In this study, three statistical comparisons were performed. The first consisted of comparing the
temporal and spectral features between levels of force for each muscle, gesture and direction to
evaluate statistical significant changes in the quality of the signal when different levels of contact
force are applied. The second statistical comparison consisted of comparing the performance ac-
curacy of the classification models between levels of force for each classification model. The third
statistic was performed to compare the performance accuracy of classification models between
the single-direction vs multi-direction trained models. All statistically compared data passed the
Shapiro–Wilk normality test. Statistical comparisons were performed using a t-test to determine
significance. Statistical significance was considered for values of p-values < 0.05. Bonferroni-
adjusted significance was computed to minimize type-I errors. The adjusted significance level for
the first statistical comparison was adjusted-p-value = 0.0031. Adjusted significance level for the
second statistical comparison was adjusted-p-value = 0.0125. The adjusted significance level for
the third statistical comparison was adjusted-p-value = 0.0166.

There have only been a few investigations related to the analysis of the effect on the MMG signal
quality when using different levels of contact force. The study and analysis performed in Chapter
3 showed how different levels of contact force on two demographics, able-bodied and amputees,
effectively alter the quality and discriminative power information of acoustic MMG, resulting in al-
terations in the SNR, bandwidth, and classification performance of various hand gesture tasks. Re-
sults showed user-specific behaviour of features when evaluating different levels of contact force,
suggesting an optimal level of contact force attachment which could be related to physiological
factors. In this study, results of the different levels of contact force on accelerometer MMG show
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that both temporal and spectral features of the signal are affected in a multi-directional manner
and these changes are captured along the different directions of the accelerometer MMG. However,
statistical comparison between forces for the spectrotemporal feature changes showed no signif-
icant differences (p > 0.05) of features between the first and the second level of contact force. In
terms of classification of gestures, accuracies were statistically compared between levels of force
for each direction and the combination of directions. No significant differences (p > 0.05) were
found between the classification performance of force level one and force level two for all trained
models. Statistical comparison between classification models trained using features from each in-
dividual direction vs the combination of directions show statistical significance (p < 0.0166) for all
models for both levels of contact force. Table 5.1 summarizes the statistical results of the compar-
ison between levels of force and between classification models. Significant differences between
gestures are shown in red.

This study is motivated by findings in the literature demonstrating the relevance of MMG for the
analysis of neurophysiological parameters involved during motor function [26, 158], by the recent
studies in muscle connectivity networks [72, 87] and by the recent investigation on the feasibility of
using MMG for muscle connectivity analysis [116]. The present results show further evidence that
mechanomyography can be used as a tool for functional muscle connectivity analysis. Muscle con-
nectivity results show distinct topologies depending on the frequency, gesture, and direction. The
differences in connectivity strength between muscles for the multiple gestures suggest a charac-
teristic spectral profile at the different frequency ranges driven by muscle activity during gestures.
The analysis of muscle connectivity as shown in Fig 5.8 shows a clear distinction of functional
activity of muscles based on the gesture, which can be registered by MMG. This study also shows
for the first time the use of intermuscular coherence derived from MMG for the classification of
motor tasks. As shown, the use of IMC obtained from each individual direction yields a relatively
high classification accuracy which can be enhanced by the combination of IMC across directions,
providing a more robust framework for the classification of gestures. Furthermore, this study also
provides additional evidence of spectrotemporal feature variations based on the level of contact
force between the sensor and the skin for accelerometer MMG. Results show that the temporal and
spectral space of MMG detected using accelerometer transducers vary minimally when increasing
the level of contact force. It is worth mentioning that the design of the sensor allows for the in-
crease in contact pressure on the muscle while adding no extra weight to the sensor, which could
explain the different findings reported in [94, 197].
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5.6 Conclusion
The investigation introduced in this chapter shows for the first time the analysis of multi-dimensional
muscle networks extracted using 3-axis accelerometers. The sensors were aligned according to
the directions of muscle fibre alignment. For each direction/axis, intermuscular coherence was
extracted for all muscle pairs, gestures and participants. The resulting IMC profiles were decom-
posed using non-negative matrix factorization into frequency components containing the different
spectral elements of the MMG signal. Muscle connectivity networks were generated for each fre-
quency component, gesture, and direction. The resulting muscle networks showed distinct topolo-
gies across frequency components, gestures, and directions. To evaluate the effect of contact
force on the quality of the MMG accelerometer signal and the discriminability power of classifica-
tion algorithms based on IMC information, temporal and spectral characteristics of the signal were
extracted for each muscle, gesture, and direction for each level of contact force for further com-
parison. Results show variations for both temporal and spectral features between contact force
levels, however, these variations were found to be non-significant. In order to evaluate the effect of
contact force on the discriminative power of IMC-based classification models, a statistical compar-
ison of classification accuracies between levels of contact force was performed. As expected from
the spectrotemporal features results, no significant changes were found in classification accuracy
between contact force levels. In order to evaluate the classification performance between uni-
directional and multi-directional trained models, a statistical comparison between models trained
using IMC from each direction and from the combination of directions was performed. Results
showed significant differences between all uni-directional trained models vs the model trained us-
ing the combination of all directions for both levels of contact force.

The findings of this investigation further support the usability of MMG as a tool for functional
muscle connectivity analysis and provide evidence of the unique spectral characteristics of the
MMG signal detected along the different directions of propagation of the MMG when performing
different motor tasks, enabling the applicability of classification models based on IMC. Lastly, as
a future perspective of this work, the results presented in this study motivate the investigation of
muscle network analysis based on MMG during complex dynamic motor tasks involving a higher
number of muscles.
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Chapter 6

Conclusions
This chapter recounts the main conclusions of the work presented in this doctoral the-
sis. This includes a summary of the results obtained contrasted with the hypotheses set
out in Section 1.1. An outline of the future work derived from the findings of the studies
conducted in this thesis is described here. The immediate next steps to further inves-
tigate the paradigms described in this thesis and the future perspectives of MMG as a
tool for the analysis of muscle activity towards its establishment as a reliable clinical
assessment tool are also discussed.
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6.1 Main Conclusions

6.1.1 Chapter 3 - Effect of contact force on acoustic MMG
In this chapter, a novel mechanomyography signal capture technology is introduced. This new
design enables another spatial dimension on the MMG signal capture with the ultimate goal of en-
hancing the performance of human-machine interfaces through the selection of optimal sensor-to-
skin pressure. The study carried out in this chapter focuses on analysing the relationship between
contact force and the properties of the acoustic MMG signal. By the use of a custom wearable
MMG armband, the analysis included the study of different levels of contact between the sensor
and the skin from four superficial muscles in the forearm while participants were asked to perform
sustained isometric contractions. The study also included the evaluation of a gesture classifica-
tion model based on the spectrotemporal properties of the MMG signal under different levels of
contact force.

The design of the new sensing device is motivated by the nonlinear viscoelasticity of the tissue,
which increases with the normal surface pressure. According to the theory, an increase in the
sensor-to-skin contact force results in higher conductivity of mechanical waves and hypothetically
facilitates the acquisition of deeper muscle information, thus enhancing the signal content. Utiliz-
ing this novel approach, increased MMG signal quality is achieved by this added degree of freedom
normal to the sensor-skin contact area. Results show that the SNR increased with the higher levels
of contact force and the occupied bandwidth increased for the second level of contact force and
decreased by a higher degree for the third level of contact force. These results suggest a better sig-
nal quality with respect to the presence of noise when the level of contact force is increased. It also
shows an increase in the occupied spectral content of the signal when a firm (2nd) level of contact
force is applied; however, this frequency information bandwidth decreases as the contact force is
further applied. Furthermore, the results of the classification performance of the different trained
models show a heterogeneous response between subjects when the different levels of contact
force were applied, suggesting subject-specific behaviour to the changes in contact force which
could be associated with the anthropomorphic and physiological differences between participants,
which have shown to play an important role in the MMG signal acquisition.

These results have significant implications for the sensing apparatus employed in human-machine
interfaces and particularly in prosthetic devices, which require the embedding of myographic sen-
sors in sockets for prosthetic limb control.

6.1.2 Chapter 4 -Muscle connectivity network analysis usingMMG
In this chapter, the methodology for intermuscular coherence and functional muscle connectivity
analysis based on MMG activity is introduced. Both of these analyses are implemented from MMG
information collected from a cohort of able-bodied and amputee participants with the interest of
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evaluating functional connectivity information in healthy and impaired muscles. The study consists
of the collection of MMG activity from four superficial muscles of the forearm while participants
are asked to perform isometric contractions. Intermuscular coherence is extracted from each pair
of muscles while subjects perform different hand gestures. This coherence information is further
decomposed into the frequency components of the MMG signal, dividing the coherence spectra
into three frequency bands to evaluate the muscle activity at low, medium, and high-frequency
ranges. The resulting common spectral patterns and corresponding weights are used for the con-
struction of functional muscle networks, which are analysed based on their topological character-
istics.

Results show distinct topological characteristics not only between the different hand gestures but
also across frequency bands. Muscle networks show characteristic relationships between mus-
cles based on their specific function during each gesture. Muscle connectivity analysis at multiple
frequency bands for able-bodied subjects showed significant topological differences across ges-
tures for low (i.e., < 5Hz) and high (i.e., > 12 Hz) activation frequencies. The comparison between
network characteristics between able-bodied and amputee subjects shows different topological
characteristics and shapes, suggesting different levels of muscle activity which could be associ-
ated with the physiological changes caused by amputation. Furthermore, noticeably different to-
pographies between able-bodied and amputees were also found between frequency bands which
could be a result of the neural adaptation following amputation. Results demonstrate the feasibil-
ity of MMG as a tool for the analysis of functional muscle connectivity and mapping of synergistic
functional synchronization of upper-limb muscles in complex movement tasks. A functional mus-
cle network is a critical concept in describing the functional synergistic muscle synchronization
and functional connectivity needed for the execution of complex motor tasks. The methodologies
presented here open a large new area of investigation for MMG, from the analysis of the neuro-
physiological properties of motor activity to the evaluation of muscle condition in clinical applica-
tions.

6.1.3 Chapter 5 - Analysing three-dimensionalmuscle networks using
MMG

In this chapter, the methodology for the analysis of multi-dimensional muscle networks is intro-
duced based on multi-channel multi-directional accelerometer MMG sensors. In addition, the study
presented in this chapter analyses the effect of normal force on the signal properties of accelerom-
eter MMG and its evaluation for the classification of motor tasks based on intermuscular coher-
ence. This classification of hand gestures is compared between models trained using individual
axes of the accelerometer vs a model trained using the combination of axes in order to assess
the contributions of discriminative information from all the directions captured by accelerometer
MMG.
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The study entails the development of a custom-made wearable MMG armband to house multi-axis
accelerometers for the collection of MMG activity from four superficial muscles in the forearm
while participants performed a series of sustained hand gestures. For the first part of this study,
and similar to the analysis of functional connectivity networks based on acoustic MMG, intermus-
cular coherence is extracted from the common spectral response between each muscle pair and
functional muscle networks are generated from the resulting weights and basis vectors. Muscle
connectivity networks are generated not only for the decomposed frequency spectrum bands but
also across the different axis of the accelerometers. The directionality of the sensors is aligned
with respect to the muscle fibres. Results show distinct topographies between gestures, frequency
bands, and axes. Based on the findings from the previous study, distinct topographical character-
istics between gestures and frequency bands were expected. In addition to these findings, the
comparison of muscle networks between axes also showed unique characteristics for dimension.
These results show further evidence of the signal propagation of the MMG activity.

For the second part of this study, the level of contact force was increased to a second level, and
participants were asked to perform the series of isometric contractions a second time. Analysis of
temporal and spectral characteristics of the signal was performed for both levels of contact force.
Subsequently, intermuscular coherence information was utilized for training a gesture classifica-
tion model for both levels of contact force, and the evaluation of the model classification perfor-
mance was computed. A final comparison between all single-axis-based models vs the combined
axes model was carried out. Results of this analysis show different spectrotemporal variations
across axes between levels of normal force; however, these variations were not statistically signifi-
cant. These different degrees of the effect of normal force across axes could be a result of altered
propagation of the signal MMG signal along the different directions. Results on the performance
of classification models based on intermuscular coherence showed relatively high accuracy and
similar performance between axes. This similarity in accuracy indicates a similar discriminative
content between the different directions, which could be a result of the multi-directional propaga-
tion of the signal and overlapping information. Finally, the model trained using the combination
of axes surpasses the performance of all individual axis models, indicating a clear contribution of
information from the different dimensions.

The methodology presented in this study and the findings of the analysis supports the feasibility
of using MMG technology for the extraction and analysis of functional muscle networks and show
evidence of the unique multi-directional spectral content of the MMG signal. This characteristic
enables the application of novel classification models based on the common spectral informa-
tion between muscles in the context of multi-dimensional space and demonstrates the benefits
of using a multi-directional feature space for the classification of motor tasks. The results pre-
sented here also provide more insights into the relationship between the temporal and spectral
information of accelerometer MMG and the level of contact force. All of these findings motivate
the future application of the methodology for the analysis of complex dynamic tasks and show
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the potential to provide further insights into the neurophysiological phenomenon underlying MMG
generation.

It is worth mentioning that in general there was a higher number of male participants in the studies
conducted in this thesis. For comparative purposes it is important to take this into consideration
as the characteristics of the MMG signal may vary due to gender differences in muscle fibre com-
position [124]. In the interest of advancing the technology to improve experimental efficiency it is
important to consider the number of male and female participants in future studies [183].
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6.2 Future Perspectives
This thesis highlights the pressing need to establish an optimal set of steps to be able to over-
come the technical and physiological factors commonly affecting the MMG signal. A great deal
of progress has been made with the rapid development of technological advancements, which in
the last two decades have provided the opportunity to overcome many of the original limitations
preventing MMG from becoming an established tool in clinical and non-clinical muscle function
assessments. Promising applications have been made possible from the realisation of the advan-
tages that MMG holds compared to other myographic modalities, thanks to its nature and versatil-
ity, as described here in chapter 2.

The pursuit of establishing MMG as a conventional technique in muscle physiology and clinical
assessment continues and invites newer applications for the signal. The need for further technical
developments to enable MMG to realise its full potential continues and has been highlighted in
the previous chapters. In this respect, I propose new sensing modalities of MMG to advance the
investigation of the signal in different fields and overcome its current limitations.

6.2.1 Advancements in MMG Sensing Technology
As a future direction of research for the work presented in the thesis, it can be mentioned that a
multi-sensory approach can be designed to make the technique more robust to the intrinsic limita-
tions of the individual sensing modalities of MMG, namely accelerometer, microphone, and pres-
sure. For example, the combination of accelerometer and microphone sensing can achieve a more
reliable assessment of the motor function, less prone to motion-induced artefacts. The reliability
of MMG needs to be established not only for the variety of conditions imposed by the particular
applications in which the technology is used, but it also needs to be robust against potential non-
desired effects caused by physiological and anthropomorphic factors. In this thesis, the results
show strong evidence of the effect of contact force on the usefulness of the MMG signal.

6.2.1.1 Multi-modal MMG

Motivated by the above-mentioned note, as a future line of research, I propose the concept of a
multi-modal sensor approach which includes a form of force resistive or capacitive sensor embed-
ded in a sensing unit along with the main transducer (i.e., accelerometer/microphone) such that
contact force information is collected simultaneously with MMG. The first prototype design of this
proposed module of MMG with simultaneous acquisition of contact force can be seen in Fig 6.1.
Furthermore, an extension of this proposed sensor is the dual acquisition of accelerometer and
acoustic MMG along with the pressure information. Simultaneous acquisition of contact force, ac-
celeration, and acoustic MMG result in a multi-modal sensing unit comprised of an accelerometer,
a microphone, and a force-resistive sensor, which could provide the long-awaited holistic MMG unit
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Figure 6.1: Multi-modal MMG sensor. The sensor includes an acoustic MMG transducer and a
pressure (barometric) sensor. The space between the back plate of the acoustic section and the
pressure sensor is filled with silicone to transmit the amount of force applied at the level of the
skin.

capable of separating the different components of the MMG signal from its acquisition while also
being robust to the limitations and caveats of each individual MMG sub-modality. A combination
of all signals would enable the separate detection of (a) tremor oscillations of the motor system
detected mainly by accelerometry, (b) the inner vibrations of the muscle fibres detected mainly by
acoustic MMG, and (c) the dimensional changes of the muscles detected by the force sensor, all
of which provide a more suitable tool to study the nature and origin of MMG activity as it enables
the separation of the signal from its source.

6.2.1.2 High-Density MMG

Besides the acquisition of the constituent modalities of the MMG activity, it is also imperative to
further develop technology for MMG which could allow us to study the propagation characteris-
tics of the signal by not only acquiring the temporal activity of MMG from a single location on
the muscle but instead by allowing the acquisition of spatial information in the form of a grid of
MMG transducers, analogous to high-density electromyography (HD-EMG). This grid of equidistant
MMG transducers will allow the spatial MMG activity to be recorded from multiple locations along
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Figure 6.2: High-density MMG. The mould is comprised of two components which fit together such
that the resulting silicone piece from the internal cavity is formed for n number of MMG acoustic
sensors. The sensor is comprised of nine acoustic MMG transducers separated by 6.5 mm. The
enlarged space on each side allows for the moulding of the hangers for the sensor.

the muscle, thus expanding the possibilities to detect new muscle characteristics based on the
collective properties of the MMG signals. Especially the analysis of motor unit contractile proper-
ties and the spatial dependency of these to MMG sensor location. HD-MMG would therefore be a
method for recording both spatial and temporal characteristics of MMG, unlike traditional MMG,
thus allowing a broader assessment of the muscle function. Due to the different morphology and
size of the muscles, it is necessary to utilize a material which could easily adapt to the skin while
being comfortable and causing minimal changes to the skin condition. In order to achieve this
while maintaining the geometric characteristics of the current technology, I propose a method to
develop HD-MMG sensors by casting a soft material with the properties described above into a
pre-formed mould. Fig 6.2 illustrates the assembly and casting process to produce a 3x3 HD-MMG
sensor.

This sensing modality could provide a better tool for the quantification of muscle performance
based on the spatial location and spectrotemporal features of HD-MMG. Furthermore, HD-MMG
could enable the extraction of features that depend on the spatial distribution of the motor units
and on the anthropomorphic factors of the muscles. Fig 6.3 shows the first prototype of the mould
and cast to create an HD-MMG sensor.

One of the most important advantages of MMG is the ability to detect the mechanical response of
muscles in which the direct measurement of force is not possible, such as muscles in the back,
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Figure 6.3: The HD-MMG sensor is built following a series of steps, which include pouring silicone
for the lower section of the sensor, the addition of the MMG transducers, and a second pouring of
silicone to seal the sensor chambers.

abdomen, face, etc. The relationship between force and MMG requires further investigation to
provide a better understanding of how the spectrotemporal properties of the signal are related to
force production. In this respect, the proposed multi-sensor modality and the HD-MMG offer a new
tool to analyse motor control strategies underlying different stages of force production. As such,
these technologies offer the potential to expand into new areas of study, including superficial and
non-superficial muscles not yet investigated by the use of MMG.

In order to establish the MMG signal as a standard modality for muscle function assessment, first,
the technology has to evolve in such a way that its usability is not limited by physical and exter-

C.S.M.C. Perspectives of Mechanomyography 136



6.2. Future Perspectives Conclusions

nal factors, but instead, its use can be easily adapted to different applications, some being more
straightforward than others, without the need to redesign the technology. A holistic MMG sensing
unit capable of acquiring all the components of the MMG signal independently and a high-density
sensing unit capable of acquiring the spatial and spectrotemporal characteristics of MMG are im-
perative towards this endeavour in the establishment of MMG as a standard muscle assessment
tool.

6.2.2 Future Applicability of Muscle Networks by MMG
At the same time that the technology for the detection and acquisition of MMG activity evolves, the
applications of MMG can be expanded with the development and use of novel methods for signal
processing and analysis. In this thesis, I introduced the use of MMG as a tool for functional muscle
connectivity analysis. As discussed in chapter 4, this analysis has attracted particular attention in
the last decade as it provides a tool to analyse the neural circuitry involved in muscle activity from
a full-spectral perspective, complementing current methodologies, which so far have focused only
on the temporal characteristics, such as muscle synergy analysis.

Muscle network analysis by the use of MMG can be applied in the investigation of muscle con-
nectivity during muscular exercise by analysing the topographical characteristics and the changes
following training. By studying the characteristics of the muscle networks as they relate to different
levels of strength, endurance training, or force production, all of which have been found to hold a
relationship to MMG frequency, new areas of study open for the sensing modality. It is, therefore,
to expect that at the same time as technological improvements of the MMG signal capture over-
come some of the intrinsic and extrinsic limitations of the signal, the scope and applicability of
MMG expand deeper into current applications of myographic studies and further into new avenues
of research.

6.2.3 Clinical Relevance
Over the years, the applicability of the MMG signal has gradually evolved as a tool for clinical diag-
nosis. Changes in amplitude [16] and frequency [162] of the MMG signal have been associated with
muscle function deterioration in neuromuscular disorders, also including Parkinson’s and Hunting-
ton’s disease, myopathy, dysphagia, fibromyalgia, and muscular dystrophy, among others (see [38,
64, 76]). In this thesis, muscle network analysis of motor tasks performed by amputees showed dis-
tinctly different topologies of networks between subjects across multiple frequency bands, reflect-
ing the physiological changes in the muscles caused by amputation and an indication of changes
in the neural drive to the muscles following amputation. All of these findings reflect reductions in
motor unit recruitment, size and number of motor units, and firing rate, all linked to injury or im-
paired muscle and all of which have been shown to correlate with different features of the MMG
signal. Here, muscle network analysis using MMG offers a potential tool to dive deeper into the
analysis of the physical and neurophysiological changes of muscles when investigating different
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motor dysfunctions.

Furthermore, the relationship between electroencephalography activity (EEG) and MMG has been
previously studied by examining the coherence of the two signals [86]. The findings of the inves-
tigations indicate that such an approach would be of clinical value for patients with neurological
disorders. Despite the promising findings of their investigation, the study of synchronous infor-
mation between EEG and MMG has not been continued. Coherence analysis and network analysis
open this possibility once again to analyse cortical activity and the mechanical output of the mus-
cles from a renewed perspective.

In this way, contractile mechanisms have been explored in healthy muscles as well as in patho-
logical conditions. MMG findings continue to emerge in areas related to different physiological
conditions, such as fatigue, muscle length variations, force production, strength training, and mus-
cle dysfunction. Therefore, the main potential of MMG in the context of novel spectrotemporal
signal processing techniques lies in the extended analysis in fields such as sports science, physio-
therapy, and neurophysiology and opportunities to improve diagnostic abilities and clinical assess-
ment.

The studies presented in this thesis and the findings discussed call for further exploration of the
neural circuitry involved in motor function and a better understanding of how the signal features
vary with different physiological conditions, all of which are necessary to increase the use of MMG
towards its translation into an established and reliable technique for studying the contractile mech-
anisms of the motor function. There are many potential applications for MMG, but the success of
the technique will depend on careful application and consideration of its limitations. At present, the
most successful use is in physiological studies, where the recording conditions can be controlled
well. Further refinements of MMG technology and signal processing methods would make it more
robust for routine clinical use and other non-clinical applications.
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Appendix
The GitHub repository at https://github.com/CSM116/Coherence contains all the code
developed in this doctoral thesis as well as additional images and other materials.

Throughout this thesis I have included external illustrations for reference and clarifications. Chap-
ter 2 includes repurposed figures from external sources. Copyright credit permissions for this
material is added below. Chapter 3 and 4 have been published in peer reviewed journals of which
I am the first author. Chapter 5 has been submitted for publication to a peer reviewed journal and
is currently under review.

The following table shows further participant information for reference.

Table 7.1: Participant General Information

Age Gender Predominant Arm Skinfold Thickness [cm] Arm Diameter [cm]
31 M Right 3-4 24.7
25 F Right 4-6 21.8
25 M Left 3-4 23
22 M Right 2-3 25
23 F Right 6-7 24
24 F Right 8-10 26
30 M Right 4-5 28
23 M Right 3-4 24.5
31 M Right 3-5 28
23 F Right 5-7 23.3
25 M Right 4-7 26.2
26 M Right 4-6 27
22 M Right 4-5 26
31 M Right 11-12 28
27 F Right 6-8 25
28 F Right 4.5-5.5 23.5
32 M Right 6-7 28.5
29 M Right 7-8 28.5
21 F Right 5-6 22.1
19 F Right 5-5.5 24.2
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Appendix

The following list shows the copyright licenses of external material requested for reuse in this
thesis.

Listing 1: Figure 2.1 and Figure 2.2 copyright.

Listing 2: Figure 2.3 copyright.

Listing 3: Figure 2.4 copyright.

Listing 4: Figure 3.1 copyright.

Listing 5: Figure 3.2 copyright.
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REUSE CONTENT DETAILS

RIGHTSHOLDER TERMS AND CONDITIONS

Amounts of material. No more than 10% of a single Cengage product may be re-used in your upcoming product. Total

Cengage Learning content must equal 10% or less of your upcoming product. If using more than what is permitted by

Cengage Learning your permission will automatically be null and void.

Marketplace Order General Terms and Conditions

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions,

govern User’s use of Works pursuant to the Licenses granted by Copyright Clearance Center, Inc. (“CCC”) on behalf of the

applicable Rightsholders of such Works through CCC’s applicable Marketplace transactional licensing services (each, a

“Service”).
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“Order Confirmation Terms” are additional terms set forth on specific Order Confirmations not set forth in the General

Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-

specific terms.
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grant, and that CCC has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized

by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the

sole and exclusive property of the Rightsholder. The License provides only those rights expressly set forth in the terms
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otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon

receipt of the relevant invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace

platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User may incur a service charge of

1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in

the License immediately upon receiving the Order Confirmation, the License is automatically revoked and is null and void,

as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves

only the rights set forth in the Terms and does not include subsequent or additional uses, (ii) is non-exclusive and non-

transferable, and (iii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on

duration of use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order

Confirmation, User shall either secure a new permission for further use of the Work(s) or immediately cease any new use

of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any

further copies of the Work. User may only make alterations to the Work if and as expressly set forth in the Order

Confirmation. No Work may be used in any way that is defamatory, violates the rights of third parties (including such third

parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually

explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the

reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any infringement of any rights in a Work

and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such

as photographs, illustrations, graphs, inserts and similar materials) that are identified in such material as having been

used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this

Service, if available, or otherwise) for any of such third party materials; without a separate license, User may not use such

third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under

the Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as

follows: "Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of

copyright]; permission conveyed through Copyright Clearance Center, Inc." Such notice must be provided in a reasonably

legible font size and must be placed either on a cover page or in another location that any person, upon gaining access to

the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent

to the Work as used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or

notices for the new work containing the republished Work are located. Failure to include the required notice results in

loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to

twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees and charges

specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees

and directors, against all claims, liability, damages, costs, and expenses, including legal fees and expenses, arising out of

any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work

which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights of

copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,

INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF

BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE

A WORK, EVEN IF ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the

total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total

amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its

principals, employees, agents, affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS." CCC HAS THE RIGHT TO GRANT TO USER THE

RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER

WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION

IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE

REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS, OR OTHER PORTIONS OF THE WORK

(AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT

NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of

the License set forth in the Order Confirmation and/or the Terms, shall be a material breach of such License. Any breach

not cured within 10 days of written notice thereof shall result in immediate termination of such License without further

notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be

liquidated by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that

is not terminated immediately for any reason (including, for example, because materials containing the Work cannot
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reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less

than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus

Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14,

the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom

handouts). For photocopies for academic coursepacks or classroom handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members

individually or at their request by on-campus bookstores or copy centers, or by off-campus copy shops and other

similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of

the Work or to edit or in any other way modify the Work (except by means of deleting material immediately

preceding or following the entire portion of the Work copied) (ii) permit "publishing ventures" where any

particular anthology would be systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation

arising from data provided by User), any use authorized under the academic pay-per-use service is limited as

follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,

and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,

poems or articles;

C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical

or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than

one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except

in order to produce an identical copy of a Work before or during the academic term (or analogous period) as

to which any particular permission is granted. In the event that User shall choose to retain materials that are

the subject of a photocopy permission in electronic memory for purposes of producing identical copies more

than one day after such retention (but still within the scope of any permission granted), User must notify CCC

of such fact in the applicable permission request and such retention shall constitute one copy actually sold for

purposes of calculating permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include

any right by User to create a substantively non-identical copy of the Work or to edit or in any other way

modify the Work (except by means of deleting material immediately preceding or following the entire portion

of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service,

User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the

numbers of copies made by User under such permission. CCC and any representatives it may designate shall have

the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior

notice. If any such audit shall determine that User shall have underpaid for, or underreported, any photocopies

sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall

bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User shall

immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the date

such amount was originally due. The provisions of this paragraph shall survive the termination of this License for

any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning

management systems, academic institution intranets). For uses in e-coursepacks, posts in electronic reserves, posts

in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants

authorizations to import requested material in electronic format, and allows electronic access to this material

to members of a designated college or university class, under the direction of an instructor designated by the

college or university, accessible only under appropriate electronic controls (e.g., password);
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B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs

or other still images not embedded in text, which grants not only the authorizations described in Section

14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials

for use consistent with Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification

of the resolution of such requested material (provided that such modification does not alter the underlying

editorial content or meaning of the requested material, and provided that the resulting modified content is

used solely within the scope of, and in a manner consistent with, the particular authorization described in the

Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of

the requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for

audiovisual content, which grants not only the authorizations described in Section 14(b)(i)(A) above, but also

the following authorizations: (i) to include the requested material in course materials for use consistent with

Section 14(b)(i)(A) above; (ii) to display and perform the requested material to such members of such class in

the physical classroom or remotely by means of streaming media or other video formats; and (iii) to "clip" or

reformat the requested material for purposes of time or content management or ease of delivery, provided

that such “clipping” or reformatting does not alter the underlying editorial content or meaning of the

requested material and that the resulting material is used solely within the scope of, and in a manner

consistent with, the particular authorization described in the Order Confirmation and the Terms. Unless

expressly set forth in the relevant Order Conformation, the License does not authorize any other form of

manipulation, alteration or editing of the requested material.

ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include

any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the

Work (except by means of deleting material immediately preceding or following the entire portion of the Work

copied or, in the case of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii)

permit "publishing ventures" where any particular course materials would be systematically marketed at multiple

institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent

contradiction in the Order Confirmation arising from data provided by User), any use authorized under the

electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution,

and thereby including all sections or other subparts of the class) at one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays,

poems or articles;

C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical

or (b) two articles from such an issue;

D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than

one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means

of electronic password, student identification or other control permitting access solely to students and

instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person,

upon gaining electronic access to the material, which is the subject of a permission, shall see:

a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,

a statement to the effect that such copy was made pursuant to permission,

a statement identifying the class to which the material applies and notifying the reader that the material

has been made available electronically solely for use in the class, and

a statement to the effect that the material may not be further distributed to any person outside the class,

whether by copying or by transmission and whether electronically or in paper form, and User must also

ensure that such cover page or other means will print out in the event that the person accessing the

material chooses to print out the material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization,

User is thereupon required to delete the applicable material from any electronic storage or to block electronic

access to the applicable material.
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iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same

university or college class, require separate permissions under the electronic course content pay-per-use Service.

Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no

later than the end of the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service,

User shall maintain for at least four full calendar years books and records sufficient for CCC to determine the

numbers of copies made by User under such permission. CCC and any representatives it may designate shall have

the right to audit such books and records at any time during User's ordinary business hours, upon two days' prior

notice. If any such audit shall determine that User shall have underpaid for, or underreported, any electronic

copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC

shall bear the costs of any such audit. Any amount determined by such audit to have been underpaid by User

shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from the

date such amount was originally due. The provisions of this paragraph shall survive the termination of this license

for any reason.

c) Pay-Per-Use Permissions for Certain Reproductions (Academic photocopies for library reserves and interlibrary

loan reporting) (Non-academic internal/external business uses and commercial document delivery). The License

expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the

applicable Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-

academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a

transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or

directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in

these Terms.

d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For

"electronic reproductions", which generally includes e-mail use (including instant messaging or other electronic

transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any

display or performance incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for

any use on the Internet, 60 days for any use on an intranet or extranet and one year for any other use, all as

measured from the "republication date" as identified in the Order Confirmation, if any, and otherwise from the

date of the Order Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation

(after request by User and approval by Rightsholder); provided, however, that a Work consisting of photographs

or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution

modified without additional express permission, and a Work consisting of audiovisual content may, if necessary,

be "clipped" or reformatted for purposes of time or content management or ease of delivery (provided that any

such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or

meaning of the Work used, and that the resulting material is used solely within the scope of, and in a manner

consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and

that Rightsholder may make changes or additions to the Rightsholder Terms. Such updated Terms will replace the

prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not

apply to Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online

at www.copyright.com/about/privacy-policy/.

c) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural

person or an organization of any kind) the License or any rights granted thereunder; provided, however, that, where
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applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or

substantially all of User's rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties,

including, where applicable, the Rightsholder. The Rightsholder and CCC hereby object to any terms contained in any

writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern

or otherwise relate to the License described in the Order Confirmation, which terms are in any way inconsistent with

any Terms set forth in the Order Confirmation, and/or in CCC's standard operating procedures, whether such writing

is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears

on a copy of the Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of

New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or

proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in

any federal or state court located in the County of New York, State of New York, USA, or in any federal or state court

whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The

parties expressly submit to the personal jurisdiction and venue of each such federal or state court.
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