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Abstract

Electromyography (EMG), the science of detecting and interpreting muscle
electrical activity, plays a crucial role in clinical diagnostics and research. It
enables assessment of muscle function, detection of abnormalities, and
monitoring of rehabilitation progress. However, the current use of EMG
devices is primarily limited to clinical settings, preventing its potential to
revolutionize personal health management. If surface electromyography
(sSEMG) electrodes are stretchable, arrayed, reusable and able to
continuously record, their applications for personal health management are
broadened. Existing electrodes lack these essential features, hampering
their widespread adoption. This thesis addresses these limitations by
designing an adhesive dry electrode using tannic acid, polyvinyl alcohol,
and PEDOT:PSS (TPP). Through meticulous optimization, TPP electrodes
offer superior stretchability and adhesiveness compared to conventional
Ag/AgCI electrodes. This ensures stable and long-term skin contact for
recording. Furthermore, a metal-polymer electrode array patch (MEAP) is
introduced, featuring liquid metal (LM) circuits and TPP electrodes. MEAPs
exhibit better conformability than current commercial arrays, resulting in
higher signal quality and stable recordings, even during significant skin
deformations caused by muscle movements. Manufactured using scalable
screen-printing, MEAPs combine stretchable materials and array
architecture for real-time monitoring of muscle stress, fatigue, and tendon
displacement. They hold great promise in reducing muscle and tendon

injuries and enhancing performance in both daily exercise and professional



VI

sports. In addition, a pilot study compares MEAP performance in clinical
electrodiagnostics with needle electrodes, demonstrating the non-invasive
advantage of MEAP by successfully recording the signals from the same
motor unit as the needle. These advancements position MEAP at the
forefront of the EMG field, poised to drive breakthroughs in
electrodiagnostics, personalized medicine, sports science, and

rehabilitation.
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Chapter 1

General Introduction

Electrophysiology, the study of electrical activity in the body, plays a vital
role in modern healthcare. It provides crucial insights into our health and
well-being by monitoring various physiological processes, from the beating
of our hearts to the activity of our muscles and nerves. With the rapid
advancement of technology, we are on the brink of a transformative future
where everyone could have a wearable electrophysiological recording
device, revolutionizing the way we monitor our health. Among these
technologies, the seamless integration of electromyography (EMG)
recording devices into our everyday routines holds promise of a healthier

and more interconnected world.

Imagine a future where every individual possesses a wearable EMG
recording device seamlessly integrated into their daily routine offering them
personalised care. Picture a world where athletes and fitness enthusiasts
utilize wearable EMG monitors to optimize their training regimens,
preventing injuries and enhancing performance. Envision a healthcare
landscape where clinicians remotely monitor the vital signs of patients with
neuromuscular disorders, enabling timely interventions and reducing
hospitalizations. These unobtrusive, user-friendly devices would
continuously track muscle activity, providing real-time data on our physical

condition. Whether it is monitoring muscle fatigue during exercise,



assessing the impact of daily activities on muscle health, or detecting early
signs of neuromuscular disorders, these wearables would empower

individuals to proactively manage their well-being.

This future is not as far-fetched as it may seem. Wearable EMG recording
devices have the potential to empower individuals to take control of their
health, providing real-time data that can lead to better decision-making,
personalized treatments, and improved overall well-being. The journey
toward this future is already underway, with ongoing research and

innovation pushing the boundaries of what these devices can achieve.

In this context, the primary objective of this thesis centres around the
advancement and potential replacement of existing non-invasive EMG
activity recording tools with newly developed devices, aimed at enhancing
functionality and improving user experiences. To achieve this, the study
indeed has an interdisciplinary nature, drawing from various domains,
including materials science, engineering, electrophysiology, and clinical
applications. Considerable effort has been made to systematically

introduce the distinct components that form the foundation of this research.

The general introduction covers three critical elements: EMG, liquid metal
(LM), and conductive polymers. It provides an overview of the current state
of tools in this integrated field and highlights the existing gaps. The aim is

to provide the research context most comprehensively possible.



1.1 Electromyography

1.1.1 Rationale

Electromyography (EMG) is a technique used to measure and record the
electrical activity produced by muscles. When a muscle fibre is relaxed, the
resting membrane potential is maintained by the intrinsic ionic equilibrium
mechanisms. The cell maintains a greater negative potential within
compared to the outside. When the muscle contracts in response to a
neurotransmitter released at the motor endplate!, the membrane
depolarizes, resulting in a potential difference between the inner and outer
regions of the cell. Each muscle cell (fibre) consists of multiple myofibrils,
and within each myofibril, numerous sarcomeres can be found. When an
action potential is generated, the release of calcium ions by the
sarcoplasmic reticulum triggers the interaction between the two key
proteins, actin and myosin, within sarcomeres. The conformational change
in actin enables myosin to attach, and with the help of ATP, myosin pulls
the actin strands together, leading to muscle contraction. Since a muscle
is made of many fibres, the ionic movements across all of them lead to the
generation of an electrical field that is detected by the EMG electrodes. The

whole process is shown in Figure 1.1.1.
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Figure 1.1.1 Recording by EMG electrodes. Electricity will propagate in
both directions along the muscle fibre and be recorded by surface EMG
electrodes. The amplitude of the signal is typically quite small,
necessitating the use of a differential amplifier in the EMG recording
system to amplify the signal. Adapted from A practical introduction to
kinesiological electromyography, 1(2005), 30-5.

1.1.2 EMG signals parameter

1.1.2.1 Amplitude and root mean square (RMS)

The raw surface EMG (sEMG) signals can have amplitudes ranging from
1 5000 microvolts, which directly indicates the extent of muscle contraction.
However, due to the presence of multiple muscle fibres, the amplitudes can
vary significantly. In cases where the overall muscle loading state needs to
be represented, the root mean square (RMS) is a more standardized and
appropriate measure. This measure can be used to assess muscle
activation levels and quantify muscle activity during different tasks or

exercises. The RMS is calculated as below?:

1
RMS = |3, x] (1)



where x; is voltage amplitude of EMG signal at the data point i; N is the

number of data points.

1.1.2.2 Median frequency (MDF)

One motor unit (MU) consists of one motor neuron and the muscle fibres it
innervates. During muscle contractions, multiple motor units within the
muscle are recruited, each with its own unique firing frequency. When all
these motor units work together, their electrical signals combine to create
a complex and varying signal. As a result, the sEMG signals can be
transformed from the time-domain to the frequency-domain using a Fourier
transform to display the MU recruitment pattern changes during muscle
contraction. Besides, the bin width in Fourier transform is crucial as it
determines the frequency range captured. A larger bin width provides lower
frequency resolution and a broader range, whereas a smaller bin width
offers higher frequency resolution and a narrower range. Typically, a
decrease in median frequency (MDF) indicates muscle fatigue, as longer
muscle contractions lead to the recruitment of fewer muscle fibres. This
decrease in median frequency can also have significant implications in
clinical diagnosis. For instance, if the decrease is observed at the
beginning of a test, it may suggest a pathological change in the muscle,
resulting in the recruitment of only a few muscle fibres for the contraction3+4.

The MDF is calculated as below?:
1
ﬂ”:Dij = ijleDFPj = 52?’:1131 (2)

where P; is the EMG power spectrum at the frequency bin j; and M is the



length of frequency bin.

1.1.2.3 Mean frequency (MNF)

MNF is generally slightly higher than MDF due to the skewed shape of the
EMG signal power spectrum®. Despite this difference, the behaviour of
MDF and MNF is often similar, making MNF another suitable measure for
muscle fatigue assessments. However, it is worth noting that the variance
of MNF is typically lower than that of MDF, and in certain research
scenarios, MNF may exhibit distinct performance characteristics compared
to MDF®. Consequently, the choice between these two measures should
be guided by the specific research objectives. The MNF is calculated as

below?®:
MNF =¥, ;P /371 P (3)

Where f; is the frequency value of EMG power spectrum at the frequency
bin j; P; is the EMG power spectrum at the frequency bin j; and M is the

length of frequency bin.

1.1.2.4 Time duration

The time duration of motor unit action potential (MUAP), compound muscle
action potentials, or sensory nerve action potential plays a significant role
in clinical diagnosis, particularly the duration of MUAP. A typical MUAP
duration ranges between 5 and 15 ms, defined as the time from the initial
deflection from baseline to the final return of the MUAP to baseline’. The
duration of MUAP increases with the number of fibres and the cross-
sectional area of a motor unit, and it is directly influenced by individual age

and inversely by temperature®. In pathological cases, the number of



phases, duration, and amplitude of the MUAP may be abnormal, making
duration changes valuable in distinguishing neuropathic or myopathic
conditions. Longer MUAP duration is often associated with neuropathic
disorders, such as chronic neuropathic lesions resulting from reinnervation.
In contrast, myopathies typically involve a decrease in the number of
functional muscle fibres within the motor unit, leading to shorter-duration
MUAPs. Thus, the duration of MUAP is a critical aspect of clinical diagnosis.
It is worth noting that although MUAPs can be reliably captured using
needle electrodes, their detection with SEMG electrodes is more

challenging.
1.1.3 EMG electrode types

There are two types of EMG electrodes: intramuscular and surface
electrodes. Intramuscular electrodes can obtain more accurate signals
directly from muscle fibres as they are inserted into the muscle, minimizing
interference from other muscle fibres. In comparison with that, surface
electrodes can only record muscle activity from the skin surface. While
surface electrodes offer limited assessment compared to intramuscular
electrodes, their non-invasive nature makes them more popular and widely

used.
1.1.3.1 Needle electrodes

The earliest recorded EMG electrode in history was a knife touching the
body of a frog, demonstrated by Luigi Galvani in 1790° In 1825,

Sarlandiere invented needle electrodes to directly receive signals of



muscle contraction from muscle bellies’. Monopolar and concentric
needle electrodes are commonly used in clinics for disease diagnosis due
to their ability to detect clearer signals from single fibre activity and provide
a high signal-to-noise ratio compared to SEMG electrodes''-'3. However,
the invasive nature of needle electrodes caused significant pain and tissue
necrosis, despite providing more detailed information. Moreover, factors
such as the risk of infection require these electrodes to be disposable,
leading to increased experimental costs. As a result, intramuscular
electrodes are less acceptable and popular for use in non-clinical settings

and are not favoured by most researchers.
1.1.3.2 Surface electrodes

To address the challenges posed by needle electrodes, Guillaume
Benjamin Duchenne introduced the use of electrodes on the skin in 18339,
which marked the beginning of SEMG. Since then, sSEMG electrodes have
gained increasing attention and undergone rapid advancements. They are
commonly employed in a bipolar mode to record muscle activity, offering a
simple and widely used method for monitoring muscle activity during sports
and rehabilitation of function'#'6. However, some issues remain to be
resolved, such as how to obtain stable and high-resolution signals using
sEMG. Additionally, when monitoring single-fibre or single motor unit
activity, sSEMG may encounter interference from other muscle fibres, which
presents a challenge in obtaining precise measurements. Continual efforts
are being made to enhance the stability and resolution of sSEMG signals,

aiming to overcome these limitations in the precise monitoring of individual



muscle units. One promising approach involves the implementation of
SEMG electrode arrays to augment the spatial resolution of recording.
Presently, both one-dimensional (1D) and two-dimensional (2D) electrode

arrays are extensively utilized for this purpose (Figure 1.1.2).

a b c Adhesive electrode grid

Adhesive array s S
o T 16 contacts (8x4), mm
~ 5. IED=5mm
Bipolar electrodes .

Figure 1.1.2 Surface electrode types in experimental signals. a Bipolar
electrodes. b 1D electrode array. ¢ 2D electrode array. Adapted from
Journal of Electromyography and Kinesiology 49, 102363 (2019)'".

1.1.4 Typical materials for sEMG electrode

Traditional noble metals like platinum (Pt) and silver (Ag) have widely been
used for EMG electrodes before in the light of low impedance and high
chemical stability. However, their high cost and short service life have led
to scientists identifying new conductors. Most of them are softer than
normal metals allowing them to maintain function for longer. These novel
materials hold a promise for being commercially viable but are still fraught
with issues like being harsh on the skin. Instead, if they were as flexible

and stretchable like the skin, it would be a lot more acceptable for use.
1.1.4.1 Traditional metals

Pt can be used as a needle or sEMG electrode because of its remarkable

chemical stability and resistance to corrosion'®'9. Pt is preferred as an
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electrode for electrochemical analysis but not for EMG, as noble metals get
polarised forming an electrical double layer when in contact with an
electrolyte or even the skin. This double layer acts as a capacitor affecting
charge transfer and thus introducing noise?°. Moreover, Pt is a ductile metal
and survives less than a day due to the normal motion of a vertebrate limb?'.

Gold (Au), another popular electrode material, shares similar issues.

To address these challenges, Ag was used for sEMG electrodes
fabrications. Unlike pure Pt, the Ag electrodes contains the main body of
Ag and an AgCI film over it. This Ag/AgCl electrode is close to a
nonpolarizable electrode allowing current to pass through electrode-tissue
interface??. Since AgCl is insoluble in aqueous solutions, some conductive
gels can be used at the interface to reduce the contact impedance.
However, this typical wet electrode may not be suitable for long-term test,
because of the desiccation of gels. Ag/AgCl electrodes also have
limitations in terms of robustness, as the AgCI film can chip away after
repeated use. Moreover, these electrodes might release highly toxic metal
ions into the tissue, posing a risk of infection?®. As a result, researchers
have been focused on developing robust, non-toxic, and dry electrode

(using without gel) alternatives.
1.1.4.2 PEDOT:PSS

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)
was widely used for chronically recording from neurones due to their low
impedance and high charge density?4~2%. The interpenetrating network of

conductive PEDOT domains and insulating PSS domains results in the
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deposition of gel particles in a core-shell morphology (Figure 1.1.3).

It is favored as a material for in-vivo implanted electrodes due to its high
biocompatibility?” and low Young’s modulus?®. However, pure PEDOT:PSS
is not flexible enough to meet the requirements of sSEMG applications on
the skin, especially with large deformations?®. As a result, various
strategies are being explored to enhance this material, such as polymer

doping. More details will be discussed in chapter 1.3.3.

f-:._-_.:“ ..lr
' N N J T o [
PEDOT" m N " \ xé’-"c’*’&‘ﬁ;{;,'
o \ h) b "')'-ﬁ"\.‘“ Vg
» Ny 8y \ R R S T
s / A\ \ V4 Cmdoas o
.S\Y /\\/\ W g 5)\ ¢
m \
o (8]
\_/ Sesf

SOH SOH SOM SO, SOH SOH
PSS™ i
S = s X =

P P P P o

Figure 1.1.3 Chemical structure of PEDOT:PSS and core-shell
structure of the film. Adapted from Nat Commun 7, 11287 (2016).

1.1.4.3 Carbon nanotubes

Carbon nanotubes (CNTs) is a popular material for a scaffold in tissue
engineering because of its great biocompatibility with cells3°. CNTs also
show various favourable electrical attributes like high conductivity and high
charge density. These make CNTs good candidate material for
bioelectrical interface'. Another reason for CNTs being popular with
neuroscientists, for electrodes, is their high compatibility with

biomolecules®?33, They have been reported to be good performers as EMG
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electrodes®4; however, CNTs have a relatively high Young’s modulus,
which hinders their conformal attachment to the skin, thus limiting their

application in this field.
1.1.4.4 PDMS-based conductive composites

Polydimethylsiloxane (PDMS) is an organic polymer which is famous for its
unusual flow properties (Figure 1.1.4). A simple fabrication requiring just
the mixing of a base and curing agent has made PDMS the most popular
material for various laboratory-based experiments, e.g., microfluidics3%-3.
Moreover, PDMS is transparent, non-toxic, and biologically inert. The
Young’'s modulus of PDMS, which can be around hundreds of kilopascals,
makes it a suitable substrate for sSEMG electrodes, considering that the
Young’s modulus of skin is approximately several megapascals®®. PDMS
can be doped with metal or conductive particles to create good conductive
composites. Many of the materials explored above, for instance CNTs?’,
Ag or Ag nanowires are used with PDMS to make dry and portable EMG
electrodes replacing Ag/AgCl electrodes?®8. Another way to take advantage
of PDMS is to coat a conductive layer of a ductile metal on it. Since the
electrode can be thin the device then possesses great flexibility. Au and
Titanium (Ti) have been with PDMS for EMG recording3®. While in this case,
cracks on the surface are easily generated due to the modulus mismatch

between PDMS and metals.
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Figure 1.1.4 Chemical structure of PDMS. Adapted from PLoS One 16,
0251092 (2021)

1.1.4.5 Gallium-based liquid metals (GLM)

Flexibility in EMG electrodes is highly desirable, and some designs
incorporate a combination of materials to achieve this, using metals for
contact points, elastomers for the main body, and metal wires between
contact points and connectors. However, using traditional metals like Pt,
Ag, or Au can still limit the overall flexibility of the device*®. GLM electrodes
offer a promising solution to this issue, as they exhibit remarkable flexibility
and stretchability, making them ideal for EMG applications. An easy
fabrication process has been developed, which involves coating
elastomeric substrates like PDMS with GLM patterns, thereby enhancing

their commercial potential*’, enhancing their commercial potential.
1.1.5 Key considerations for sEMG electrode materials

To make a good electrode, the selection of material is crucial; many factors
need to be considered simultaneously towards this choice. The ideal
material used for sEMG electrodes should have low impedance, be

effective for long-term use, be bio-safe and have low fabrication cost.

1.1.5.1 Mechanical properties
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To improve electrode performance, there is typically a strong focus on
enhancing mechanical properties such as flexibility, stretchability, and
durability. Flexibility and stretchability play a crucial role in extending the
usage life of EMG electrodes, especially in prosthetics for growing children.
This attribute also enables the fabrication of more portable and affordable
devices, making them suitable not only for research purposes but also for
everyday applications. Durability directly impacts the reusability of
electrodes. By employing a robust design, fabrication costs can be reduced,
and biosafety can be improved, thus expanding the potential applications

of EMG electrodes to various fields.
1.1.5.1.1 Flexibility and stretchability

Flexibility of Pt and Ag/AgCl electrodes (Young’s modulus for Pt — 168 GPa
and Ag — 83 GPa) are much inferior to PDMS-based (Young’'s modulus —
360-870 KPa) electrodes. Pt and Ag are ductile and malleable metals,
lacking elasticity, which often leads to permanent deformation after
movement. In contrast, PDMS-based electrodes offer a significant
advantage as they can conform to the contours of human skin and even
adapt to regions within the body. This conformal nature allows the devices
to maintain the same position and shape over extended periods of activity.
As a result, PDMS-based electrodes are considered conformal electrodes,
adhering closely to the skin. This characteristic brings several benefits,
such as longer service life, reduced need for replacement, and higher
signal-to-noise ratio (SNR). Figure 1.1.5 illustrates the issue where a non-

conformal electrode creates a gap between itself and the skin. With the
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volume of 1 mm3, the impedance of epidermis is about 157 MQ, while the
impedance of air gap is about 170x10® MQ, which has 3 order-of-
magnitude differences*?>. When muscle contracts, the air gap created by
non-conformal electrode provides extra resistance and capacitance to
increase impedance of the whole circuit, which decreases signal quality. It
also might cause motion artefact during the muscle movements. In addition,
the circuit model illustrates how conformal electrodes keep the stable
impedance of the whole circuit between skin and electrodes, which help
conformal electrodes maintain the signal quality during recording.
Therefore, the lack of conformability is the primary challenge faced by

noble metal electrodes.

Figure 1.1.5 Circuit models of non-conformal and conformal
electrodes on skin folds. In the circuit model of non-conformal electrodes,
dermis resistance (Rd), epidermis resistance (Re) and capacitance (Ce), air
gap resistance (Ra) and capacitance (Ca) are considered.

1.1.5.1.2 Durability

To discuss the durability of electrodes, three factors should be considered
generally: whether electrodes will (1), deform; (2), need reset; (3), lose
signal quality after long-time using. For the first factor, muscle movements

usually lead to deformation or motion of Pt electrode attached to the skin.
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This makes Pt electrode hardly suitable for sEMG recording electrode for
long-term wearable devices. With the second and third, dry electrodes,
particularly those utilizing an elastic substrate like PDMS-based electrodes,
demonstrate superior durability compared to Ag/AgCl electrodes. Wet
electrodes can suffer from the issue of gel desiccation, which leads to a
significant reduction in signal quality during recording while dry electrodes
do not encounter this problem. In summary, dry electrodes with elastic
substrates typically exhibit robustness and longevity, making them a

favourable choice for various applications.

1.1.5.2 Electrical properties

There are two issues usually attracting major attention in EMG recording,

impedance, and corrosion.

1.1.5.21 Impedance

Impedance is an electrical property of material to oppose alternating
current flow. Impedance depends not only on the material itself but also
effective contact area of electrode that smaller area means higher
impedance. Because impedance also varies with the frequency of
measurement current, the value measured by current with a frequency of
1 kHz is mostly used to characterize the resistance ability of electrodes. A
desirable impedance level is dependent on the specific program or
experiment. Lower than 10 kQ impedance of electrode tested by 1 kHz
current is roughly considered as satisfying in sEMG. However, a layer of

dead skin cells covering outside human body will provide a high skin-
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electrode impedance*3. Thus, many preparations on the skin need to be
done to reduce impedance before measurement like shaving the test
position, cleaning with alcohol or using conductive gel between skin and
electrodes**. In addition, the stability of impedance between skin and
electrodes also counts for obtaining low noise signals#®. This problem
existing in the whole measuring process, again attracts the attention back
to mechanical properties of electrodes to avoid relative motion between
skin and electrodes. This correlation highlights the need to consider
multiple factors simultaneously when fabricating a high-quality EMG

electrode.

1.1.5.2.2 Corrosion

Another electrical problem for electrode failures is corrosion. There are
many causes for corrosion, and they mostly have tight relations with the
material selection. Galvanic corrosion usually happens in metals. This
chemical change should be avoided if possible, considering the importance
of stability in signal recording. Other than voltaic cell reactions, metals are
also likely dissolved in solutions, resulting in toxicity release or electrode
disappearance. For example, in sEMG where sweat is the most popular
environment, any tiny change in pH or ion concentration of sweat probably
causes corrosion of metal electrodes. Noble metal electrodes will form an
oxide layer on the surface to resist corrosion, like Pt and stainless steel?'.
Ag also forms oxide layer on the surface, but it will be eroded slowly by
chloride ions which poison surrounding tissues. The corrosion problem will

be intensified in stimulation because the current flow is greater. Au and Ag
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will rapidly dissolve with chelating chloride ions, and stainless steel is likely
to have rust corrosion. Compared to metal electrodes, Ag/AgCl or PDMS-
based conductive composite electrodes have much better performance in
corrosion resistance. The AgCl layer outside is insoluble in most aqueous
environments, and PDMS is also an inert material, contributing to the

formation of robust electrodes.

1.1.5.3 Biological properties

It is important to ensure the electrode products are safe to human. sEMG
electrodes are considered biologically safe if the material is non-toxic, and
the skin is not irritated on contact. In fact, biocompatibility is mostly
discussed for implanted device in-vivo because stricter criteria need to be
satisfied. Some materials for implanted, in-vivo neural recording electrodes
will be discussed based on previous research providing a more detailed
assessment of biocompatibility of electrodes.

Pt shows a really good performance in biocompatibility. Many researches
have been done to prove the safety of this metal. For example, Pt wire was
employed as a reference electrode chronically for over four years in
Macaque cortex*®. Food and Drug Administration also conducted study
suggesting there is no evidence that Pt is toxic to in-vivo tissue*’. Au, like
Pt, has been proven to be biocompatible*®. However, both metals are too
expensive for the fabrication of devices.

Ag salts are toxic to the tissue making Ag not suited for implanted
electrodes. Although Ag/AgCI electrodes are widely used in sEMG, they

probably irritate the skin®’. During the movement of muscles, AgCl layer
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might be damaged to give a direct contact between skin and Ag. In view of
safety, Ag/AgCl electrodes need to be optimized in many aspects. This also
prompts novel materials to be studied in the field like PEDOT:PSS, CNTs
or LMs. Fortunately, none of them shows harm to cell growth which means
good biocompatibility3%414°. Another advantage for using these new
conductors is their substrates like PDMS or thermoplastic polyurethane
(TPU) also have high biocompatibility which ensures the electrodes could

be used in-vivo or on the skin.

1.1.5.4 Commercial properties

The most popular and successful commercial electrodes for EMG
recording is Ag/AgCI electrodes. Although most electrodes are still being
explored in laboratories, it is valuable to discuss their commercial
properties like the difficulty of fabrication or cost. These factors can be

important for the electrodes to be on future market.
1.1.5.4.1 Fabrication process

Difficulty, speed and scale are common factors to consider in fabrication
process. Electrodes which can be fabricated easily, and quickly can be
scaled-up thus having potential to occupy a position in the future market.
However, according to most articles about metal electrodes, the difficulty
of fabrication becomes the primary issue. To provide flexibility to their
electrodes, researchers often choose to combine polymers with metals
such as Pt, Au, or Ag, or modify the metals to have specific physical
features. Thus, this results in many complicated steps like evaporation,

deposition, sputtering or plasma etching. For example, there are five steps
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to deposit Pt on silicon substrates and then finally remove from particular
positions to make contact sites’®. To coat Au on polymers, magnetron
sputtering or RF sputtering are usually utilized with Ti as attachment layer®.
There is no doubt that difficulty of fabrication is increased in the
circumstance of dealing with so many layers of different materials.
However, when comes to novel conductors, fabrication is much simplified.
For instance, in a CNTs/PDMS electrode fabrication, a few hours of PDMS
curing is the only step, after the dispersion of CNTs in PDMS which needs
5 - 15 hours®. Though the operation is much easier, too long time of
production still restrains the commercial potential of this type of electrodes.
The time consumption can be even reduced greatly if conductors are
coated instead of being embedded. GLMs possess this advantage exactly
that they can be screen-printed or inkjet-printed which available for
massive production®. The whole process can be done in 2 hours, which
has a quite high efficiency of fabricating. This impressive method has huge
potential in commercial manufacture.

1.1.5.4.2 Cost

A price comparison between materials was made to show the difference,

in Table 1.1.1.
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Material Price per gram (£)
Pt - 204013 285.0
Au - 265772 297.2
CNTs - 901002 174.0
PEDOT:PSS - 483095 61.2
Ag - 796042 32.0
EGaln - 495425 13.9

Table 1.1.1 A comparison of cost of metals. The prices at 2023 are from
website of sigmaaldrich.com.

In view of cost of material, Pt, Au and CNTs are not suitable
materials for EMG electrodes. PEDOT:PSS, Ag and eutectic gallium-
indium (EGaln) are far more preferred for an affordable device. Currently,
both PEDOT:PSS and EGaln are under research for potential applications

in EMG®1:%2,

1.1.6 Limitations of current sEMG electrodes

In the case of wet electrodes, the gel plays a crucial role in ensuring high-
quality recordings. However, this component also introduces certain
limitations. Desiccation, or drying, poses a significant challenge as it leads
to a decline in both gel adhesiveness and conductance over time. As the
gel dries, the impedance of the interface increases, resulting in elevated
baseline noise. This phenomenon can negatively impact signal quality
during extended recording sessions. Notably, studies indicate that the
RMS of noise triples in value after 24 hours of drying®'. Furthermore, the
conformability of such electrodes on the skin is not good enough, often
leading to detachment when the subject sweats. This issue is significant as

poor contact can result in position shifts, thereby affecting both signal
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quality and stability.

Usually, to lower the crosstalk from other muscles, an optimal electrode
should be lower than 5 mm in size and the inter-electrode distance (IED)
should be lower than 10 mm'’. However, the spatial resolution of these
electrodes is limiting, owing to their surface areas when recording activity
of both small and the large muscles. Taking the forearm as an example,
obtaining signals from a specific muscle using sEMG electrodes can be

challenging due to crosstalk from adjacent muscles beneath the skin.

To address this issue, high-density electrode arrays have been developed
and used in laboratory settings®3. Upon meeting the electrode size and IED
requirements mentioned above, these arrays can offer more precise
recordings. While the material for the most popular sEMG commercial
array currently available is polyimide, which has the Young’s modulus of 3
GPa. Due to its characteristics, without the incorporation of specific design
elements like a serpentine pattern, achieving complete conformal contact
with the human skin (with a Young’s modulus of 10 kPa) is challenging.
Thus, the choice of materials for such electrode arrays would once again

raise the issue of conformability.
1.1.7 EMG international standards for sEMG recording

About the international standards for sEMG recording, the Surface
Electromyography for the Non-Invasive Assessment of Muscles (SENIAM)
and The Consensus for Experimental Design in Electromyography (CEDE)
projects stand as influential cornerstones. SENIAM, a comprehensive

compilation of guidelines and recommendations, establishes a
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standardized approach encompassing various facets of electromyographic
operations. Covering crucial aspects including electrode shape and size,
IED, electrode orientation, placement of working and reference electrodes,
fixation methods on the skin, and signal acquisition techniques, SENIAM
ensures a uniform and dependable framework for conducting muscle
activity studies. On the other hand, CEDE introduces a new paradigm by
emphasizing dynamic electrode designs, fostering advancements in
flexibility, comfort, and wearability for improved electromyographic
applications. Furthermore, emerging guidelines dedicated to high-density
electrode arrays are in the process of development. These encompass a
range of facets, including array configuration, optimal muscle attachment
sites, and tailored protocols for sSEMG recording'”®*. These guidelines
collectively shape the future of muscle activity assessment, bridging
scientific rigor with innovative electrode technologies. Anyone engaged in
SEMG recording or the development of novel electrodes should make

reference to these evolving guidelines.
1.1.8 EMG signal processing

In EMG, the signal processing assumes a paramount role in unravelling
intricate information concealed within muscle activity. A systematic
sequence of steps constitutes this processing endeavour, with each step

encompassing distinct objectives and methodologies.
1.1.8.1 Preprocessing stage

During this stage, various filters are employed to mitigate noise and motion
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artifacts. In most scenarios, the implementation of a notch filter is essential
to effectively attenuate powerline noise, often at frequencies of 50 or 60 Hz.
Another common practice in SEMG recording involves the use of a 20 Hz
high-pass filter to eliminate low-frequency noise resulting from cable
oscillations or body motions. Through the strategic use of various filters,
researchers can concentrate on EMG signals within specific power
spectrum bands. However, it is important to acknowledge that employing
fewer filters always preserves a greater portion of information within the

EMG signals.
1.1.8.2 Feature extraction

After preprocessing, the feature extraction stage unfolds, including the
quantitative parameters such as RMS, MDF, MNF or temporal attributes.
These extracted features encapsulate the fundamental characteristics of
muscle behaviour. For instance, the RMS is linked to muscle loading and
MDF is related to muscle fatigue. Many of these parameters form the

foundation for subsequent classification processes.
1.1.8.3 Temporal-frequency analysis

Temporal-frequency analysis in EMG serves as a powerful tool to reveal
the dynamic patterns and variations of muscle activity over time. By
combining time-domain and frequency-domain information, this approach
demonstrates how muscle contractions evolve temporally and how their
frequency components change. Such identifications of specific muscle

activation patterns, modulation of frequency content during fatigue, and the
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detection of transient events within the EMG signal can characterize the
communication between the central nervous system and muscles. This
method facilitates a deeper understanding of motor control, neural
pathways, and the neural-muscular interface, contributing to the
advancement of neurophysiological research and clinical applications in

spinal cord and brain-related EMG studies.
1.1.8.4 Machine learning classification

Machine learning has emerged as a powerful tool in many fields, including
EMG. EMG signals are highly complex and contain rich information about
muscle contractions, fatigue, and other physiological processes. Machine
learning algorithms can be trained to recognize specific patterns and
features within EMG signals, allowing for the identification of different
muscle movements or gestures. This has significant implications for
prosthetics and assistive devices, as machine learning can enable precise
control based on EMG signals, enhancing the interaction between humans
and technology. It has also been employed to study the dynamics of muscle
coordination and motor unit recruitment, providing a deeper understanding

of the mechanisms of motor control.

In fact, machine learning can also be employed in all the above steps to
enhance the accuracy and efficiency of EMG signal processing. Traditional
methods for noise reduction, feature extraction, and temporal-frequency
analysis can be time-consuming and require extensive manual tuning. By
utilizing machine learning algorithms, the unique characteristics of

individual EMG signals can be learned and adapted, resulting in more
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accurate and consistent results.
1.1.9 Clinical diagnosis

Many myopathic disorders have a high mortality rate due to their frequent
impact on other organs, such as the lungs, joints, heart, and skin. The ten-
year mortality rate from idiopathic inflammatory myopathies alone was
reported to be 31%°%°. While most myopathic disorders are treatable, the
presence of neurogenic disorders with similar symptoms can complicate
precise diagnosis and specific treatments. In such scenarios, EMG
emerges as a crucial tool for patient examination. Additionally, EMG plays
a significant role in assessing and guiding the rehabilitation of certain
cerebrovascular diseases, such as stroke, often in conjunction with

electroencephalography (EEG)®®.
1.1.9.1 Diagnosis standards

As a pivotal technique for diagnosing and facilitating the recovery of nerve
or muscle dysfunction, EMG is anticipated to gain broader application in
clinical diagnosis, scientific research, and even daily monitoring. However,
a disconnect between the needs of clinicians and the offerings of
technicians, stemming from diverse research directions, has hindered the
development of highly effective tools. There is an urgent need for a criterion
that accurately reflects requirements of clinicians. In an effort to bridge this
gap, fundamental information about the most common neuropathic and
myopathic disorders and the functions of EMG tools have been compiled

in Table 1.1.2.
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Disorders Symptoms EMG functions Electrode
Idiopathic Muscle weakness, Muscle-fibre conduction | Needle sEMG.
inflammatory joint pain and velocity
myopathies general tiredness®’. | for diagnosis®®.
Inability to move or EMG, sEMG, EEG.
feel on one side of neuromuscular electrical
Stroke the body, problems stimulation (NMES)
understanding or for rehabilitation6.60.61,
speaking®®.
muscle weakness, Evoked potentials, sEMG.
Multiple trouble with nerve conduction
sclerosis sensation, trouble velocity (NCV)
with coordination®2, | for diagnosis®.
Varying degrees Repetitive nerve Needle.
. muscle weakness, stimulation (RNS),
Myasthenia | y60ping eyelids, single-Fibre EMG
gravis trouble talking or (SFEMG)
walking®. for diagnosis®.
Shaking, rigidity, Feature extraction, sEMG.
Parkinson’s difficulty walking®®. reduce pathological
disease tremor
for rehabilitation®’ .
Problems with Feature extraction, sEMG.
Huntington’s coordination, jerky reduce pathological
disease body movements®. | tremor
for diagnosis®.
Intermittent or Feature extraction, sEMG.
- sustained involuntary | reduce pathological
Spasticity activation of tremor
muscles’®. for diagnosis’".
A rhythmic, Feature extraction, Needle sEMG.
Clonus oscillating, str.etch reduce pathological
reflex mostly in tremor
ankle’?, for rehabilitation”73,
I Including shaking of | Real-time monitoring SEMG.
Ep_llept|c the limbs and loss of | for diagnosis or
Selzures consciousness’. rehabiltation’®.
. . Burning and knife- Detection of sensorial sEMG.
D'?bhet'cl like pain, and motor defects in
n‘zeeJlrgpizﬁy numbness’®. nerves .
for diagnosis’’.

Table 1.1.2 Fundamental information about disorders and the

associated EMG tools.

1.1.9.2 Current tools and limitations

Currently, needle electrodes are the primary clinical diagnostic tools for
EMG. While these electrodes offer exceptional signal quality and recording

precision, especially for capturing MUAPSs, they also come with certain
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drawbacks. The invasive nature of needle EMG, involving the insertion of
fine electrodes into muscles, can lead to discomfort and pain. This
discomfort is further exacerbated by the repetitive insertion process

required to locate specific motor units.

In the context of children, these disadvantages become even more
pronounced. Children may experience difficulties in cooperating during the
procedure due to factors such as fear, discomfort, or an inability to remain
still. Their lower pain tolerance can present challenges and potential
distress, making the procedure more challenging to perform. Additionally,
the muscles targeted for needle EMG in children may be smaller compared
to those in adults. This size difference can impact the ease of electrode

insertion and affect the overall quality of the recorded signals.

In summary, needle EMG electrodes offer valuable insights into muscle
function and neuromuscular disorders, but their invasive nature and
potential discomfort should be weighed against the benefits in each clinical
or research scenario. If a novel non-invasive tool can achieve accurate
recording and recognition of MUAPSs, akin to needle electrodes, it could
significantly enhance patient comfort while upholding the precision and
reliability of the diagnostic process. This innovation can have the potential
to revolutionize EMG clinical diagnosis by substituting invasive tools with

non-invasive alternatives.
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1.2 Liquid metal

Gallium-based liquid metal (GLM) showcases remarkable attributes,
including high conductivity and biocompatibility, making it a valuable asset
in the advancement of conformal bio-electronics. Through its synergy with
polymers, metal-polymer conductors (MPC) present a versatile framework
for creating conformal cyborg devices. These devices empower
capabilities like sensing, restoration, and augmentation within the human
body, promising a range of transformative applications. This section delves
into the foundational characteristics of this innovative material and its

synergistic applications in biosensing alongside other polymers.
1.2.1 Fundamental properties of GLM

The unique physical properties of Ga have positioned it at the forefront of

flexible electronics, leading to its widespread utilization. The inclusion of
Ga dimer imparts covalent characteristics and reduces the melting point to
29.8 °C (1 atm). This element has the ability to create alloys with other
metals like In, Sn, Zn, Cd, and Pb, resulting in even lower melting points
which can retain their liquid state at room temperature. Furthermore, the
extremely low vapor pressure of Ga (approximately 0.001 Pa at room
temperature) ensures this metal can be handled openly without the risk of
inhalation. This quality makes it a notably safer substitute for mercury,
given that the vapor pressure of mercury is approximately 1.26 kPa at room

temperature.
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The liquid nature of GLM makes it remarkably stretchable and well-suited
for a range of fabrication techniques. GLM also demonstrates impressive
conductivity, with examples like Galinstan and EGaln having a comparable
conductivity of approximately 3.4 x 108 S:-m~" at 20 °C, which is roughly 30
times that of conductive polymers. This heightened conductivity is crucial
for electrical applications, such as electrophysiology, reconfigurable

antennas or wearable stimulators.

Furthermore, Ga possesses distinct chemical and biological attributes that
render it exceptionally well-suited for the construction of conformal devices.
When exposed to air, it develops a dense oxide skin that can be
manipulated by techniques such as lasers or electrochemical reactions’7°.
Additionally, GLM shows low toxicity to cells®, making it a viable choice for

implantable devices and various bio-applications.

1.2.2 Methods to fabricate and pattern GLM

To create a functioning device, it is necessary to pattern GLM in order to
establish electrical circuits that can support a range of versatile functions.
However, the high surface tension of GLM precludes its direct printing like
traditional inks. Two primary approaches are pursued in this context: 1.

patterning of bulk GLM; 2. patterning of liquid metal nanoparticles (LMNPs).

1.2.2.1 Methods to pattern bulk GLM

GLM patterning can be achieved through the utilization of a stencil,

allowing the GLM to create patterns on the substrate®’. This process
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requires optimal wettability of the GLM on the substrate. Various methods,
such as a sprayer, a roller or a blade can be employed to facilitate the
passage of the GLM through the stencil. Extrusion printing is another viable
method for GLM patterning, akin to a painting process®?. Notably, the GLM
droplet can assume a three-dimensional structure when utilizing gallium
oxide to stabilize its shape. This technique can also be employed for
constructing dangling connections in electronics. GLM can also be injected
into microfluidic channels to create specific patterns®3. The wettability of
the GLM against the microfluidic channel is a critical consideration in this
approach, as inadequate wettability can result in increased injection

resistance.

In addition to the aforementioned direct printing methods, GLM can also be
patterned using selective adhesion techniques. Initially, a pattern is
designed with a high affinity for GLM, in contrast to the untreated portion
of the substrate. Subsequently, the process of patterning GLM can be
likened to a stamping procedure. This affinity can be classified into two
categories: metal-metal and metal-polymer interactions. With regard to
metal-metal interaction, specific metals such as Au and Cu display a
tendency to create alloys with Ga once the Ga oxide layer is eliminated,
resulting in selective binding®*. Further enhancement of this interaction can
be achieved by modifying surface morphology through adjustments in
surface tension. With regard to polymer-metal interaction, the oxide skin of
GLM tends to establish hydrogen bonds with diverse chemical groups like
-OH and -NH2%5. Consequently, polymers abundant in these groups, such

as polyvinyl alcohol (PVA) and TPU, are commonly employed for the initial



32

fabrication of specific patterns.
1.2.2.2 Methods to pattern LMNPs

Reducing the size of GLM droplets is a good strategy to uniformly distribute
liquid metal within a solution or ink, thereby aiding in simplified patterning.
Utilizing various physical methodologies, GLM can be transformed into
LMNPs. For instance, the utilization of mechanical mixing or sonication has
successfully generated LMNPs on a large scale*'®. Tuning the size of
these droplets within the nano to micro range can be achieved by
manipulating power and time of processing. To further enhance droplet
size uniformity, the adoption of microfluidics or laser beams techniques has
been explored for the creation of LMNPs, although scalability can be limited
by the available capabilities of equipment®:87. Moreover, alternative
approaches have been investigated for generating LMNPs through a
bottom-up process. By employing physical vapor deposition, the
condensation of GLM vapor leads to the production of LMNPs®. An
additional technique involves the reduction of gallium ions within a solution
to synthesize gallium nanoparticles, akin to traditional nanomaterial

synthesis, ensuring a heightened level of consistency in particle size®.

By dispersing LMNPs in a specific solvent, they can function as a
conductive ink for fabricating flexible electronics. Screen-printing is a viable
method for large-scale production with simplicity and scalability, although
it achieves a moderate resolution (50 um)*'. Conversely, the microfluidic
channel technique can be applied to achieve higher-resolution patterning

of LMNPs, reaching a resolution of 5 um®. However, this approach may
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suffer from efficiency limitations. Alternatively, the utilization of a stencil and
sprayer enables the patterning of LMNPs onto diverse surface
morphologies, albeit with a constrained resolution (100 um)®'. Introducing
magnetic metals into the LMNPs allows for the utilization of a magnetic field
to achieve precise patterning. The magnetic LMNPs can be manipulated
within a flexible polymer matrix, aligning with the direction of the magnetic

field%2.

The subsequent critical step in the fabrication of LMNP-based electronics
involves the sintering of the LMNPs. Due to the insulating nature of the
oxide layer present on GLM, it becomes crucial to rupture this layer and
establish conductive pathways between the GLM components within the
LMNPs. The primary mechanism for achieving this rupture involves the
application of external energy to the oxide layers, with common strategies
including mechanical force, laser irradiation, heat, and acoustic methods.
In the context of mechanical force, localized pressure, peeling, stretching,
or subjecting the circuits to humidity can all achieve sintering*!-°0.93.94 |n
the case of laser irradiation, application of a high-energy laser leads to
extensive rupture of the oxide skin, facilitating complete sintering of the
LMNPs®. With regard to heat, thermal expansion microspheres have been
introduced into LMNPs to induce oxide layer breakage through squeezing
at elevated temperatures®. Sound-based sintering has also been explored,
where the acoustic field is employed to sinter LMNPs within the polymer
matrix®”. Ultrasound is utilized to convey microscopic force, enabling
relatively microscale sintering of LMNPs within the polymer framework,

thus achieving sintering without the risk of LM leakage.
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1.2.3 Metal-polymer conductors (MPC)

A substrate for liquid metal is essential in devices based on GLM, as GLM
remains in a liquid state at room temperature and lacks a fixed shape.
Polymers serve as a crucial solution to bestow GLM-based devices with
structural stability and expanded potential such as stretchability and
flexibility. This synergistic combination of GLM and polymers is commonly

referred to as MPC.

Various types of polymers can serve as substrates or matrices for GLM-
based devices. LMNPs can be directly printed or transferred onto elastic
hydrogels®9, electro-spun films® or conventional elastomers such as
silicone*!, polyacrylics®', block co-polymers'. In the case of 3D devices,
LM can be integrated into polymer sponges, expanding the range of

potential applications''.

PDMS stands out as a formidable candidate for substrate material due to
its optical clarity, inertness, non-toxicity, and crucially, its elasticity, as
detailed in previous sections (Chapter 1.1.4~1.1.5). By integrating PDMS
with GLM, researchers have created a printable MPC with exceptional
attributes: high stretchability and flexibility (up to 500% strain), impressive
conductivity (8*10° S/cm), and biocompatibility*'. This pioneering material
has found widespread application across various domains, catalysing

advancements in the realm of bio-devices.
1.2.4 Applications in biosensing

The emergence of unforeseen acute illnesses and a rising population
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vulnerable to such conditions have heightened the need for real-time
biosensing. Consequently, wearable devices are gaining remarkable
traction in the market. Wearable sensors have assumed pivotal roles in
diverse scenarios, encompassing breath sensors for divers, motion
sensors for athletes, and electrocardiogram sensors for fithess enthusiasts.
MPC stands out as a highly competitive material in the realm of wearable
biosensing device advancements, primarily owing to its exceptional
stretchability. This attribute empowers highly flexible electronics to achieve
superior conformability on the human body. As a result, these remarkably
pliable electronics enhance user experiences, enable expanded

functionality, and ensure heightened recording precision.

1.2.4.1 Movements

With the expansion of the metaverse and virtual reality devices, the
demand for precise motion monitoring of hands and limbs is in a rapid
growth. The essential objective for developments of such devices is to
enhance immersive encounters of users within the virtual realm. Despite
the maturity of motion capture techniques, which normally use recording
optical markers affixed to body parts, several limitations persist. For
instance, optical markers on fingers and other hand components can
occlude each other, leading to challenges in tracking intricate finger
movements through video-based methods. Such constraints are
unacceptable in human-machine interactions. Fortunately, the stretching of

skin over joints can approximate joint angles, and strain sensors prove
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effective in this context. The underlying principle is that alterations in
resistance correspond to conductor elongation. In such scenarios, MPC
emerges as an exceptional option for a strain sensor due to its remarkable

capacity to withstand elongation.

Researchers used the screen-printing technique to pattern GLM as strain
sensors onto latex gloves*' (Figure 1.2.1a). This innovative approach
enables the development of a wearable keyboard that accelerates the
translation of ideas into written text by recording the deformation of each
finger. However, a solitary layer of GLM circuits might not suffice for
comprehensive hand motion tracking, considering the intricate joints
present in the hand. To address this challenge, researchers have devised
a multilayered electronic tattoo technique'® (Figure 1.2.1b). Through this
advancement, the simultaneous measurement of hand movements in 15
degrees of freedom can be achieved. The wireless real-time tracking of
finger motions is enabled via Bluetooth transmission. Such hand
movement monitoring bears potential applications in diverse realms such
as game control and remote surgery. Furthermore, the versatility of MPC
strain sensors extends across various substrates. Such novel GLM printing
inks are capable of being applied to Polyethylene terephthalate (PET),
PDMS, TPU, latex, and textiles®® (Figure 1.2.1c). Leveraging this
innovation, a multifunctional intelligent T-shirt was designed to capture the
chest expansion movements of the wearer. Additionally, a novel wet-
adhesive elastomer, PPA (Polyethylene glycol blended
polydimethylsiloxane-based adhesive), was introduced by infusing

Polyethylene glycol (PEG) into PDMS'%? (Figure 1.2.1d). This adhesive
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substrate supports the stable operation of GLM strain sensors for over two
days, even in instances of excessive sweating. This type of MPC,
substantiated by these prolonged tests, underscores its stability and

reliability.
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Figure 1.2.1 MPC electronics for movement monitoring. a An MPC
strain sensor on a wearable glove keyboard through finger motion
monitoring. b The application of a multilayered electronic tattoo facilitating
remote control of a robotic hand. ¢ MPC integrated strain sensors on a
wearable T-shirt, designed to monitor chest expansions. d Utilization of an
MPC strain sensor affixed to a wet-adhesive elastomer, enabling prolonged
recording on the knee. Adapted from iScience 4, 302-311 (2018); Sci Adv
7, eabe3778 (2021); ACS Appl Mater Interfaces 11, 7138—-7147 (2019);
Adv Funct Mater 2200444 (2022).

1.2.4.2 Electrophysiology

ECG The electrocardiogram (ECG) serves as a crucial diagnostic tool for
assessing the cardiac characteristics of individuals through quantitative
measurements. The reliability and accuracy of diagnoses heavily depend
on the quality of ECG signal recording. Furthermore, the ability to capture

anomalies that may occur sporadically necessitates long-term recording in
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ECG assessments. Both these aspects underscore the importance of ECG
electrodes capable of recording high-quality signals over long-term periods.
However, existing commercial electrodes encounter challenges in
achieving consistent, long-term recording due to issues like gel desiccation,
non-conforming electrode detachment during skin deformation, and the
loss of adhesive effectiveness in the presence of moisture or sweat. To
address these challenges, various strategies employing GLM devices have
been explored to enhance ECG electrodes. Researchers developed a
direct method involving spraying skin-adhesive liquid metal particles
directly onto the skin to create ECG electrodes®' (Figure 1.2.2a). The
resulting pattern of these particles ensures conformal contact even in skin
folds, significantly reducing impedance within the ECG frequency range.
This low impedance leads to an improved signal-to-noise ratio for
electrodes made from skin-adhesive liquid metal particles. Consequently,
these electrodes outperform commercial electrodes in capturing clear P
waves even after 24 hours of application. For sustained long-term
recording, a wet-adhesive elastomer is employed as the substrate for MPC
electrodes, ensuring enhanced conformal and stable adhesion'®? (Figure
1.2.2b). After 48 hours, MPC electrodes on wet-adhesive elastomer
continue to exhibit clear P, QRS, and T wave recordings, whereas
commercial electrodes exhibit more noise due to hydrogel water loss and
irreversible deformation on the skin. Researchers have also introduced a
novel material, EGaln-SBS, by incorporating GLM circuits into electro-spun
elastomeric fibre mats® (Figure 1.2.2c). This material offers high

permeability, stretchability, conductivity, and electrical stability. The EGaln-
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SBS electrode consistently captures high-quality ECG signals, irrespective

of whether the skin is relaxed or under compression.
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Figure 1.2.2 MPC-based electronics for ECG recording. a Electrodes
created from skin-adhesive liquid metal particles demonstrate stable ECG
recording even after 24 hours. b MPC electrode patches utilizing wet-
adhesive elastomer maintain high-quality ECG monitoring for up to 48
hours. ¢ ECG signals recorded by the EGaln-SBS electrode on elastomeric
electro-spun mat. Adapted from Nano Lett 22, 4482-4490 (2022); Adv
Funct Mater 2200444 (2022); Nature Materials 2021 20:6 20, 859-868
(2021).

EEG EEG offers a remarkable advantage in terms of speed due to its
exceptional ability to provide extremely high temporal resolution, enabling
the revelation of brain information in milliseconds. This technology is
invaluable for monitoring human and animal brain development,
investigating epilepsy, pinpointing seizure origins, testing physiological
pathways, and many other applications. However, a common challenge
lies in the mechanical disparity between biological tissues and traditional
neural interfaces. For example, Utar or Michigan electrode arrays, which
incorporate high Young’s modulus stainless steel, can pose a risk of

damaging brain tissue upon insertion. To address this challenge,
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researchers have introduced a highly stretchable electrode array based on
MPC193 (Figure 1.2.3a). By incorporating MPC, this array maintains stable
electrical properties and compliant mechanical performance even under a
strain of 100%. This innovative array enables real-time monitoring of
epileptiform activities in rats. In human EEG recording, EEG caps are
commonly employed. However, a drawback of EEG caps is the time-
consuming gel injection process. This issue can be resolved by using an
integrated EEG patch. Researchers have also utilized a bi-phasic Ag-
EGaln composite to create a wearable EEG recording patch'* (Figure
1.2.3b). This device remains unaffected by daily activities like physical
exercise or bathing. Successfully capturing the suppression of the Alpha
rhythm, this patch holds potential applications in sleep monitoring and

human-brain interfaces.
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Figure 1.2.3 MPC-based electronics for EEG recording. a In vivo EEG
signal recording using MPC neural electrode arrays. b EEG patch featuring
MPC electrodes. Adapted from Small 17, 2006612 (2021); Adv Funct Mater
32, 2205956 (2022)

EMG In the context of SEMG, two critical electrode-related issues hinder

the effectiveness of this technique. Firstly, a common challenge with most
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SEMG electrodes is their susceptibility to detaching when exposed to sweat,
as their adhesives tend to fail in wet environments. This problem can
significantly compromise the accuracy and durability of SEMG recordings,
particularly during vigorous physical activities. Secondly, many sEMG
electrodes lack the ability to conform well to soft skin, leading to the
formation of air gaps between the electrodes and the skin. This can
introduce more noise during recordings and increase the likelihood of
electrode detachment. To tackle the initial concern, the wet-adhesive
elastomer has proven effective in enabling SEMG signal recording for a
duration of up to 24 hours, even following the subject being exposed to
water, such as taking a shower'%? (Figure 1.2.4a). Furthermore,
researchers have effectively employed skin-adhesive liquid metal particles
to capture the flexion of the flexor carpi ulnaris®' (Figure 1.2.4b). This
approach has yielded a high SNR of 23.34 dB due to the seamless
conformability to skin folds of the pattern, eradicating air gaps and lowering
interface impedance. To further enhance interface contact, sticky MPC are
introduced®’. By incorporating a pressure-sensitive adhesive coating layer
onto the substrate with GLM circuits on the same side, conductive circuits
have been endowed with adhesiveness, ensuring the device remains
securely attached to the skin even during deformation (Figure 1.2.4c).
Electrodes fabricated from this sticky MPC have successfully recorded
clear sEMG signals from the biceps brachii. With regard to forearm sEMG
recording, electrode arrays have proven capable of capturing more
information compared to standard commercial electrodes due to their

higher density within a relatively smaller area. Researchers have
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developed an GLM micromesh carried by an elastomer sponge with
permeability similar to textiles, achieving a comfortable fit'%. By attaching
this array to the forearm, diverse sEMG signals are recorded for distinct
hand gestures (Figure 1.2.4d). This innovation holds promise as a reliable

interface between humans and machines.
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Figure 1.2.4 LM-based electronics for EMG recording. a Long-term
EMG recording for 24 hours using MPC adhesive electrodes. b EMG signal
from flexor carpi ulnaris captured using skin-adhesive GLM particles. ¢
EMG recording on the arm facilitated by sticky MPC electrodes. d Human-
machine interface created with an integrated GLM micromesh epidermal
sensing sleeve. Adapted from Adv Funct Mater 2200444 (2022); Nano Lett
22, 4482-4490 (2022); Advanced Science 9, 2202043 (2022); ACS Appl
Mater Interfaces 14, 13713-13721 (2022).

1.2.4.3 Blood PPG & blood oxygen

Blood pressure (BP) serves as a critical determinant of cardiovascular
health. In the realm of health monitoring, the assessment of blood pressure
through long-term or ambulatory monitoring provides valuable insights into
daily activity and sleep-induced BP fluctuations. However, existing
ambulatory BP monitoring tools often give rise to discomfort issues.

Repeated cuff inflation can lead to soreness, while prolonged usage may
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trigger skin irritation. Similarly, measuring blood oxygen (BO) levels can
also be discomforting. Thus, the development of a comfortable tool for
extended BP and BO measurement is imperative. MPC-based devices
present a preferable solution due to their excellent skin conformability,
ensuring user comfort without causing inflammation. Employing MPC, a
flexible PCB incorporating a BO measurement module has been
developed, facilitating continuous photoplethysmography (PPG) signal
recording from the wrist®*. This recording enables the computation of blood
pressure and blood oxygen data (Figure 1.2.5a). To tackle the challenge
of prolonged recording, researchers have invented a device that harnesses
power directly from the human body via a stretchable biofuel cell'®. This
cell, comprising carbon electrodes and MPC circuits, captures glucose and
lactate from sweat as reactants, generating power for LED illumination and
supplying energy to oximeters, temperature sensors, and other detectors
(Figure 1.2.5b). Similarly, a wearable health monitoring system, leveraging
MPC circuits and PPG sensors, is developed, ensuring conformal contact
with the skin on the neck'” (Figure 1.2.5c). This device exhibits remarkable
functionality even under a strain of 150%. Physical pressure sensors,
including a micro-bump amplifying GLM resistance change, are employed
for blood pressure measurement'® (Figure 1.2.5d). This innovation
successfully captures pulse information from the wrist and facilitates

cuffless BP monitoring.
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Figure 1.2.5 MPC-based electronics for photoplethysmography and
blood oxygen. a MPC-based PPG and BO detection system on the wrist.
b Biofuel cells using MPC technology for wearable device energy supply.
¢ MPC-based PPG sensor for health monitoring on human neck. d 3D-
printed rigid microbump-integrated MPC-based pressure sensor can detect
BP. Adapted from Mater Horiz 7, 1186-1194 (2020); Anal Chem 94,
16738-16745 (2022); Science (1979) 378, 637-641 (2022); Adv Healthc
Mater 8, (2019).

1.3 Polymers

Within the realm of MPC, the role of polymers emerges as another pivotal
aspect. Polymers can fulfil a dual role as both substrates and encapsulation
layers, offering protection to GLM against potential issues such as leakage,
oxidation, and undesired reactions. When GLM functions as interconnects
within a device, the application of insulating elastomers, such as PDMS
and TPU emerges as a preferable option. This configuration guarantees
the stretchability or flexibility of the entire device while simultaneously
preventing any unwanted short circuits. On the other hand, in instances
where GLM assumes the role of electrodes, the integration of conductive
polymers such as PEDOT:PSS proves to be an effective strategy. Such

polymers not only safeguard the active GLM electrode but also preserve
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its inherent conductive properties, ensuring the desired functionality is

maintained.

1.3.1 PDMS

Thanks to the transformation from GLM to LMNPs, those tiny particles can
be uniformly dispersed in the solutions or inks, enabling a range of printing
techniques. Subsequently, two distinct approaches to printing are
employed: 1. Printing onto initial substrates and then transferring onto
elastomeric substrates to create MPCs; 2. Direct printing onto elastomeric
substrates to form MPCs. When considering transfer printing, PDMS
presents an ideal option. Its liquid state before curing allows it to permeate
and fill the spaces between LMNPs on the initial substrate. Upon curing,
PDMS solidifies, facilitating the transfer of the GLM pattern from the
primary substrate to the PDMS (Figure 1.3.1). In terms of wearable devices,
this strategy offers several advantages. Encapsulation by the primary
substrate and PDMS films permits extended storage before utilization. The
auto-sintering process during peeling simplifies the application of MPC
circuits. GLM becomes embedded within PDMS, affording some degree of
circuit protection. The thickness of the PDMS film can be adjusted through

spin-coating parameters.
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Figure 1.3.1 Transfer printing technique of GLM using PDMS. Adapted
from iScience 4, 302-311 (2018).

It is worth to mention a critical surface modification technique about PDMS:
plasma treatment. In a nearly vacuum environment with high voltage, the
surface undergoes oxidation, resulting in the formation of a thin, wettable,
brittle silica-like layer. Utilizing a mould, it becomes possible to generate a
specific pattern on the PDMS with favourable hydrophilicity, thereby
enabling the subsequent patterning of aqueous ink. In addition to surface
modification, the bulk properties of PDMS can be adjusted by altering the
quantity of curing agent or introducing other polymers through doping. For
instance, when the elastomer base to curing agent ratio is 10:1, the
Young’s modulus of cured PDMS measures 2.61+0.021 MPa; whereas this
ratio shifts to 33:1, the modulus changes to 0.56+0.021 MPa'%. Ordinarily,
PDMS is non-adhesive because the vinyl groups react with the
hydrosiloxane due to the catalytic influence of a platinum catalyst present
in the curing agent, creating a highly cross-linked network. Nevertheless,
researchers have discovered that the addition of a specific amount of PEG
oligomer to the PDMS precursor, followed by thorough mixing, results in

the oligomer adhering to and enveloping the platinum catalyst'%?. This
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process diminishes the contact between the PDMS precursor and the Pt
catalyst, considerably retarding the hydrosilylation process. Consequently,
PDMS-PEG acquires a network with lower levels of cross-linking. The
elongated and softer side chains extending from the backbone bestow this
material with a reduced modulus and increased adhesiveness. The ability
to adjust its mechanical properties through straightforward recipe
modifications grants PDMS a versatile range of applications across various

contexts.
1.3.2 Thermoplastic polyurethane (TPU)

TPU stands out as a highly versatile engineering thermoplastic endowed
with elastomeric properties. Its adaptability to various industrial processes
allows them to be shaped and formed upon heating (Figure 1.3.2). TPU
also exhibits excellent resistance to abrasion and solvents such as oils.
Lots of advantages position them as crucial materials in engineering

applications.
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Figure 1.3.2 Chemical structure of TPU. Adapted from RSC Adv 8,
42337-42345 (2018)

Similar to PDMS, TPU is an elastomeric material with an impressive
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maximum elongation of over 1000%. Its excellent resilience enables TPU
to endure repeated stretching. Moreover, the Young’'s modulus of TPU is
comparable to that of PDMS (Table 1.3.1). It is noteworthy that both TPU
and PDMS share a modulus similar to that of human skin. Given this
similarity, the utilization of these two materials is particularly advantageous

for epidermal applications.

Young’s modulus (MPa)
Human skin 4.6
PDMS 1.0
TPU 6.0
Polyethylene terephthalate (PET) 2.95*10°
Parylene C 3.2*10°
Polyimide (Kapton from DuPont) 4.0*103

Table 1.3.1 Comparison of Young’s modulus between common
materials for wearable devices.

As a well-established commercial product, TPU serves as an ideal
substrate for the direct printing process discussed earlier. Following the
printing step, stretching becomes essential to sintering MPC circuits.
Impressively, even under extreme deformations, this MPC maintains its
conductivity remarkably well, registering 380,000 S/m at a strain of
1000%%°. An added advantage of employing TPU as the MPC matrix is its
straightforward integration through hot-pressing. The typical parameters
for hot-pressing to combine two TPU layers at 150°C for 10 seconds. This
simple encapsulation technique greatly facilitates the industrial-scale
production of MPC-based wearable devices. For specific pattern creation
on TPU, laser engraving is a commonly employed method, offering
resolutions as fine as 50 ym, thereby enabling refined circuit and electrode

designs. The established biocompatibility of TPU, evident in numerous
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medical applications like medical infusion stickers, underscores its
suitability for wearable device incorporation. This material, prevalent in
everyday life, is increasingly favoured for integration into wearable

technologies.
1.3.3 PEDOT:PSS

This polymer consists of two main components: cationic part PEDOT" and
anionic part PSS. PEDOT possesses excellent conductivity, yet its
insolubility in water limits its practical application. In this context, PSS
serves a dual role: firstly, as a counterion to stabilize the doped PEDOT,
and secondly, as a matrix for creating an aqueous dispersion of PEDOT.
The prevailing structural model in solution involves small PEDOT segments
closely interacting with bundles of PSS, generating colloidal gel particles
within the aqueous medium'9. These particles exhibit higher PEDOT
density at their core and greater hydrophilic PSS density at their periphery.
Deposition and drying processes of PEDOT:PSS yield a unique pancake-
like grain morphology, featuring a PEDOT-rich core enveloped by a PSS-
rich shell. With its commendable conductivity, user-friendly properties, and
favourable biocompatibility, PEDOT:PSS finds applications across diverse
fields encompassing energy, electronics, and biology. A variety of
techniques are available for fabricating PEDOT films, such as thermal

treatment, spin-coating, and electrodeposition.

Furthermore, ongoing researches explore composite materials involving
PEDOT. The combination of PEDOT:PSS and graphene has

demonstrated remarkable characteristics, including a high conductivity
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about 4142 S/cm, high transparency, and exceptional mechano-electrical
stability’" (Figure 1.3.3a). This innovative amalgamation, characterized by
its ultra-thin profile, has resulted in a dry epidermal electrode capable of
precise monitoring of electrophysiological signals, such as those
originating from facial skin and brain activity. Nonetheless, it is worth noting
that this material does have a limitation in terms of adhesiveness. When
affixed to the skin during rigorous exercises, there is still a possibility of
motion artifacts. To address this issue, PEDOT:PSS holds certain
advantages due to its aqueous nature, allowing for the incorporation of
various water-soluble polymers through doping. This flexibility in
combinations can confer distinct properties to the resulting film. For
instance, the researchers has blended PEDOT:PSS, waterborne
polyurethane (WPU), and D-sorbitol’?. This blend exhibits adhesion
capabilities under both dry and wet skin conditions because the addition of
D-sorbitol introduce abundant hydrogen bonds into the film. The electrodes
made by this material can obtain high-quality epidermal biopotential signals,
encompassing ECG, EMG, and EEG measurements (Figure 1.3.3b). An
alternative approach to enhance adhesiveness involves reducing the
modulus of the film to reinforce physical crosslinking on the interface,
thereby promoting better adhesion. Researchers have successfully
developed this innovative material by introducing a supramolecular solvent
(B-cyclodextrin and citric acid) into PEDOT:PSS (Figure 1.3.3c). With an
abundance of hydroxyl functional groups and charged molecules, this
material displays robust interface adhesion on substrates. This strength in

adhesion is attributed to the synergistic effects of multiple weak interactions
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occurring at the interface®2.
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Figure 1.3.3 Doping with other polymers to enhance the PEDOT:PSS
film. a The interaction with graphene imparts the PEDOT:PSS film with
high conductivity mechano-electrical stability. b A self-adhesive,
stretchable, and conductive polymer film achieved by incorporating D-
sorbitol into the PEDOT:PSS blend. ¢ Lower modulus and enhanced
interfacial adhesion and stretchability in a PEDOT:PSS film through the
introduction of supramolecular solvents. Adapted from Nat Commun 12, 1—
12 (2021); Nat Commun 11, 4683 (2020); Nat Commun 13, 358 (2022).

1.3.4 Polyvinyl alcohol (PVA) and tannic acid (TA)

PVA stands out as a semi-crystalline polymer boasting a range of
appealing characteristics, including hydrophilicity, biodegradability, and
exceptional film-forming capabilities. Its advantageous chain mobility

contributes to greater flexibility compared to amorphous polymer films.
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PVA is replete with hydroxyl groups, making it readily soluble in water.
Consequently, PVA frequently finds its place in water-based film systems
to fine-tune mechanical properties. For instance, the addition of PVA to
PEDOT: PSS solutions can elevate the ultimate elongation of the film from
2% to 55%""3. Moreover, PVA is a favoured choice for hydrogel formation.
The ample hydroxyl groups in PVA engage in hydrogen bonding with water,
facilitating substantial water absorption and retention, leading to a gel-like
structure. Hydrogels form through cross-linking, where polymer chains
interconnect to establish a three-dimensional network that entraps water.
PVA cross-linking can occur through diverse methods, encompassing
chemical cross-linking or physical entanglement of polymer chains.
Chemical cross-linking involves forging covalent bonds between PVA

chains, enhancing gel stability and water retention.

The remarkable water interaction of PVA owing to hydroxyl groups also
enables its collaboration with various small molecules to serve diverse
functions. For instance, the introduction of glycerol heightens polymer
chain mobility, enhancing flexibility by reducing intermolecular forces and
mitigating inherent polymeric material brittleness''*. Adhesiveness stands
as another highly desired attribute of films. The remarkable adhesiveness
observed in the plaque-substrate interface proteins of mussels is attributed
to their notably high content of 3,4-dihydroxy-L-phenylalanine (DOPA) and
lysine amino acids'’™®'®, Based on the literature concerning
bioadhesion'7-120 it has been observed that the interactions between
phenolic hydroxyl and proteins can generate adhesiveness. The most

famous ones are catechol and gallol groups (Figure 1.3.4). Gallol groups,
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also known as galloyl groups, are chemical moieties derived from gallic
acid, which is a type of phenolic compound found in plants. Gallol groups
contain multiple hydroxyl functional groups, which can interact with the
amino acid residues in proteins, collectively creating a strong and adhesive

force.

OH

OH OH
OH OH

Gallol group Catechol group

Figure 1.3.4 Chemical structure of gallol and catechol group. Adapted
from Journal of Macromolecular Science, Part A 59, 625-645 (2022)

In this context, the presence of TA, coupled with PVA, confers
adhesiveness to the surface of the film, attributed to abundant gallol groups
of TA (Figure 1.3.5). Researchers have identified that a straightforward
blend of PVA and TA yields an underwater adhesive, showcasing reusable

adhesion'??,
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Figure 1.3.5 Molecular structure of tannic acid. Adapted from RSC Adv
5, 16112—-16115 (2015)

1.4 Aims

The main objective of this study is to overcome the limitations of existing
SsEMG electrodes through the development of a stretchable sEMG
electrode array using MPC and conductive polymers. This innovation shall
provide significant advancements that not only broadens the range of
applications in everyday life but also enhances the potential of sEMG
electrode utilization in clinical settings, which can significantly amplify the
impact of sSEMG. To attain this objective, the following approaches are

pursued.

1.4.1 Creation of a new material for sEMG electrodes
with conductive polymers and characterization of

its properties
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Given the aforementioned limitations of current SsEMG electrodes, the
imperative is to create a new material which is adhesive, durable and
conformal for a dry electrode. This is essential because existing materials
often fall short in meeting all the requisite criteria. Characterizations of this
new material is imperative, to unravel the underlying mechanisms and

verify the viability of this material for SEMG electrodes.

1.4.2 Integration of the new electrode and MPC to
fabricate an sEMG electrode array and

characterization of its properties

The subsequent stage involves the amalgamation of the newly developed
electrodes with MPC circuits, culminating in the creation of an sEMG array.
This array should possess enhanced stretchability and hold the promise of
commercialization due to the incorporation of MPC. Characterizing this
array becomes necessary to validate its capability for accurate sEMG
signal recording. Moreover, a comparison should be drawn with a
commercially available array to showcase the distinctive advantages

offered by this innovative approach.

1.4.3 Utilization of the developed sEMG array for
multiplexed muscle information to prevent
muscle injury in daily life

The array will be utilized to capture sEMG signals from diverse muscles,

extracting various parameters from these signals to reveal the muscular

condition. These derived factors hold substantial potential for enhancing
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muscle injury prevention in everyday activities, fostering the advancement

and adoption of sEMG techniques.

1.4.4 Exploration of the clinical diagnosis potential of

the developed sEMG array

In theory, employing a high-resolution sEMG array can enable the
recording of motor unit signals from superficial muscles, thereby achieving
a similar function as needle electrodes. In light of this, it is meaningful to
conduct a comparative analysis between signals obtained from the new
sEMG array and those captured using needle electrodes. This comparison
aims to uncover the clinical diagnostic potential inherent in the developed

sEMG array.
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Chapter 2

General Methods

2.1 Materials and reagents

Deionized water was prepared by a laboratory water purifier (Milipore Mili-
Q). All organic solvents, salts and reagents are purchased from Sigma-
Aldrich except for the following: PEDOT:PSS (Clevios PH 1000, 1.0~1.3
wt%) aqueous solution was purchased from Heraeus Co., Germany.
Polyvinyl alcohol 1799 (PVA), n-Decyl alcohol (98%), xanthan gum were
from Macklin Inc., China. Polydimethylsiloxane (PDMS, Sylgard184) were
purchased from Dow Corning Co, USA. Polyethylene terephthalate and
thermoplastic polyurethane films were purchased from Tunsing, China.
Silicone film (0.2 mm) were purchased from Shengyuwujin, China. PTFE
syringe driven filter (0.45 pym) was purchased from Jet Bio-Filtration Co.,
Ltd, China. Ag/AgCl electrodes (Red Dot 2223 and Foam Monitoring
Electrode 2228) were purchased from 3M, USA. The 64-channel sSEMG
array was purchased from Neuracle, China. The conductive gel
g.GAMMAGgel was purchased from G.tec, Austria. Medical infusion stickers
were purchased from Hongsheng, China. Front-end connectors were

designed and fabricated from EasyEDA, China.

2.2 Instruments

The sonicator (Branson SFX 550) and water bath of a sonicator (Branson

CPX5800H) were from Emerson Electric Co., USA. The spin coater (RC-
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150) was from Suzhou MEMStools Semiconductor Technology Co.,
LTD. The plasma cleaner (PDC-MG) was from Chengdu Mingheng
Science & Technology. The spray machine (AC-108N) was from
YEHONG AIR TOOLS. The motion controller (AMC4030) for repetitive
strain was from CHENGDU FUYU TECHNOLOGY CO., LTD. Hot-pressing
machine (G311) was from Freamc, China. Laminating machine (WD-V480)
was from HANGZHOU CAIDE OFFICE EQUIPMENT CO., LTD, China.
Laser graving machine (T1 pro) was from Shanghai Diaotu Industrial co.,
LTD, China. RCA abrasion wear tester was from Norman Tool Inc., USA.
HR 10 Discovery Hybrid Rheometer was from TA Instruments, USA.
Scanning electron microscope (SU8220) was from Hitachi, Japan. Atomic
force microscope (MFP-3D) was from Asylum Research, USA. Universal
testing system (Instron 68TM-5) was from lllinois Tool Works Inc., USA.
Multi Autolab/M204 potentiostat was from Metrohm, Switzerland.
Programmable temperature and humidity tester (QHP-360BE) was from
LICHEN, China. Confocal microscope was from Nikon, Japan. G.Hiamp
multi-channel amplifier was from G.tec, Austria. Nicolet EDX System was
from Natus Medical Incorporated., USA. Mindray L14-6NE probe
(Mindray DC-40 Ultrasound System) was from Lysis Healthcare GmbH,

Austria.

2.3 Synthesis of conductive polymer
2.3.1 Synthesis of PEDOT-PVA electrodes

PEDOT:PSS solution was filtered by a PTFE syringe driven filter before



59

use. The PEDOT-PVA solutions were made by each adding 0, 0.01927,
0.0288, 0.0575, 0.115, 0.1725 g PVA into 5 ml PEDOT:PSS solutions with
250 yl DMSO, whose weight fractions of PVA were 0, 25, 33.3, 50, 66.7

and 75 wt%, respectively. The solutions were stirred at 80 °C for 4 hours

to be prepared. Solutions were cast onto a specific substrate and

electrodes were finalized through a 20-minute heating process.
2.3.2 Synthesis of TPP electrodes

For TPP electrodes, PEDOT-PVA solution was made by controlling the
ratio between PVA and PEDOT as 2:1. A three-fold dilution was made to
the PEDOT-PVA solution. The TPP solutions were made by each adding
0, 0.024, 0.048, 0.096, 0.144, 0.192, 0.24, 0.288, 0.336, 0.384 g TA into 3
ml diluted PEDOT-PVA solution with 150 yl DMSO totally included, whose
weight fractions of TA were 0, 0.8, 1.6, 3.2, 4.8, 6.4, 8, 9.6, 11.2, 12.8 wt%,
respectively. The TPP solutions were stirred for 5 min to be prepared.
Solutions were cast onto a specific substrate and electrodes were finalized
through a 20-minute heating process. For TPU-based MEAP, 0.4%

xanthan gum was added into TPP solution to increase the viscosity.

2.4 Array fabrication
2.4.1 PDMS substrate

3 g EGaln and 1 mL n-Decyl alcohol were added into a 5 mL centrifuge
tube and sonicated by a sonicator. For screen printing, the EGaln was

sonicated for 1 min with the power of 300 W. Printing equipment and masks
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were bought online to print required circuit patterns on polyethylene
terephthalate (PET) substrates. The PDMS (base: curing agent ratio of
10:1) was spin coated on the PET substrate with 1000 rpm, 30s. The PDMS
films were peeled off from PET films after curing in 80 °C for 20 min. An
electrode mask made by silicone film was attached to the circuit side of
PDMS film. After the plasma treatment, the mask was removed, and 66.7 %
TPP solution was introduced on the electrode location. Because only the
areas that were to become the electrodes were plasma-treated to become
hydrophilic, TPP solution would only cover these areas to form the
electrodes according to the shape of the design. After heating in 80 °C for
10 min, the flexible electrode film was made. The adhesive PPA'%? were
spin-coated on PDMS for encapsulation of the liquid metal circuits to
prevent leakage. Note that electrode sites and connection pads were
protected by silicone films during the encapsulation to allow the electrodes
and connection pads to be exposed. After curing in 80 °C for 20 min, the
soft electrodes were completed. The thickness of PDMS-MEAPs was lower
than 100 ym, typically with the substrate of 65 um, the encapsulation layer
of 25 ym and the TPP electrode of 30 um. For comparison between
commercial array, the diameters and inter-distances of TPP electrodes
were 4 mm and 8 mm. For biceps brachii recording, the diameters and
inter-distances of TPP electrodes were 5 mm and 15 mm, respectively. For
abductor pollicis brevis recording, the diameters and inter-distances of TPP
electrodes were 1 mm and 5 mm, respectively. For the Achilles tendon
location, the MEAP #1 with IED of 10 mm had electrode surface area of 20

mm? and the MEAP #2 with IED of 6 mm had electrode surface area of 30
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mm?. The front-end connectors were made by polyimide flexible printed
circuit (FPC) for connecting specific MEAPs. The FPC and MEAP were
hot-pressed together with force of 50 N and temperature of 140 °C for 30
s by a hot-pressing machine. With a customized back-end connector, every
channel of MEAP can be independently connected to EMG recording

system.

2.4.2 TPU substrate

0.83 g Polyvinylpyrrolidone (PVP) was added into 20 ml n-Decyl alcohol to
made 5% PVP-Decanol solution by mixing in 60 °C for overnight. 3 g EGaln
and 1 mL PVP-Decanol were added into a 5 mL centrifuge tube and
sonicated by a sonicator. For screen printing, the EGaln was sonicated for
2 min with the power of 300 W. Printing equipment and masks were bought
online to print required circuit patterns on TPU substrates. A TPU electrode
mask with back layer was affixed to the circuit side of TPU substrate using
the laminating machine with 110 °C. TPP solution with 8% of TA containing
xanthan gum was sprayed onto the electrode location, and after 10 minutes
of heating in 80 °C, the back layer of the electrode mask was peeled off,
resulting in the formation of the electrode pattern. A medical infusion sticker
with patterns for electrode sites was hot-pressed onto the TPU substrate
with 140 °C for 10 s, serving as the encapsulation layer and providing
adhesiveness to the substrate. All electrode patterns on TPU or medical
infusion stickers were made by laser graving machine with power of 100%
and speed of 7%. Before use, the 50% strain was applied to the MEAP to

sinter MPC circuits. The thickness of TPU-MEAPs was around 100 um,
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typically with the substrate of 40 um, the encapsulation layer of 25 ym and
the medical infusion sticker of 40 um. For APB recording, the diameters
and inter-distances of TPP electrodes were 1 mm and 3 mm, respectively.
The front-end connectors were made by polyimide FPC for connecting
MEAPs to clinical recording machine. The FPC and MEAP were hot-
pressed together with force of 50 N and temperature of 140 °C for 30 s by

a hot-pressing machine.

2.5 Materials characterizations methods

The abrasion test was performed by an RCA abrasion wear tester. A paper
ribbon was imposing a consistent rubbing force of 1.715 N on the electrode.
The resistance of PEDOT-PVA strip was monitored during the abrasion
test by connecting two ends of the strip to electrochemical workstation.
When the resistance had more than a hundredfold change, the PEDOT-
PVA was regarded as damaged by the paper ribbon. All electrode strips of
50 x 5 mm kept being rubbed until they cracked. The water resistance test
was conducted in a water bath of a sonicator. For viscosity test, different
PEDOT-PVA solutions were tested using HR 10 Discovery Hybrid
Rheometer at 25 °C, 1% of the strain and 1 Hz frequency. The topography
of PEDOT-PVA film was characterized by SEM and AFM. For the cross-
sectional SEM images, TPP films were freeze-dried overnight followed by
quenching in liquid nitrogen. The tensile testing was performed by a
universal testing system, size of PEDOT-PVA and TPP films was 30 mm

long and 10 mm wide. The stroke speed of the measurement was 0.5 mm
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min~'. The peeling force measurement was conducted on the forearm.
Before the measurement, the forearm skin was cleaned with a mixed
solution of deionized water and ethanol. The TPP films were made 20 mm
wide and 20 mm long. During the test, the stroke speed was kept at 15 mm
s™'. The stroke speed in repetitive stretch test was kept at 6 mm min™".
Electrode-skin impedance measurement was performed with 10
frequencies per decade within a frequency range from 10 Hz to 10 kHz
considering that most of the sEMG responses are in the 20 Hz to 500 Hz
range. A sinusoid stimulation voltage, with RMS amplitude of 10 mV and
no direct current offset, was applied to obtain the impedance curve. For
both PEDOT-PVA and TPP electrodes, two working electrodes were
attached over flexor carpi ulnaris (FCU) muscle with an IED of 20 mm, on
the internal part of the forearm, and reference electrode was attached on
the elbow, on the external part of the forearm. To compare, Ag/AgCl
electrodes were used to achieve impedance results using the same
process. Both types of electrodes had the surface contact area of 20 mm?.
The permeability test was done with three beakers, each filled with 100 ml
of deionized water, covered by MEAP, MEAP (punctures), and polyimide,
respectively. Each beaker was secured with a rubber band to ensure that
water only passed through the cover. The three beakers were placed in an
environment with a temperature of 33 °C and a humidity of 30%, simulating

the conditions on human skin.



64

2.6 sEMG recording

For non-clinical tests, the electrodes were connected to g.Hiamp multi-
channel amplifier for sEMG signal acquisition with a sampling frequency of
1200 Hz and an analogue notch filter at 48 ~ 52 Hz. The skin was cleaned
with alcohol before recording. Foam Monitoring 2228 electrodes were used
for long-term test, conformability test on the forehead, and Red Dot 2223
electrodes were used for fatigue comparison tests. 2228 and 2223
electrodes have the surface contact area of 2 and 2.4 cm?. The TPP
electrodes in each comparison test have the same surface contact area
with 2228 or 2223 electrodes correspondingly. All interelectrode distance
for bipolar recording is 20 mm. Bipolar recording was used for single-
channel TPP electrode and monopolar recording was used for MEAP to
obtain sEMG signals. The commercial array has 64 channels Ag/AgCl
electrodes on a polyimide substrate with thickness of 100 pm. The
conductive gel was used between commercial array and the skin. For
comparison with the needle electrode, the MEAP was affixed to the
abductor pollicis brevis and connected to the Nicolet EDX System to collect
data, with bipolar recording. For all SEMG recording, no skin treatment was
used, including shaving, rubbing or cleaning of the skin. All sSEMG signals
were filtered with a 20 Hz Butterworth infinite impulse response high-pass

filter, which is recommended for general use'?2.

2.7 Subject tasks

2.7.1 Comparison test between PEDOT-PVA and TPP
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electrodes

During the biceps brachii muscle recordings, a comparative test between
PEDOT-PVA and TPP electrodes was performed. The subject was
instructed to keep the curl speed between flexion and extension at 4.5 rad/s.

Five contractions of each electrode were tested for RMS alterations.
2.7.2 Long-term test

Both TPP and Ag/AgCI electrodes were attached on FCU and sEMG
bipolar recording was done every noon to monitor performances of
electrodes. The subject was asked to behave the same as daily life,
including work, exercise and taking shower regularly. The subject was
asked to pull a 4 kg dumbbell with his wrist for recording. Three
contractions were recorded each day to provide statistical RMS and SNR

values.
2.7.3 Conformability test on the forehead

The TPP and Ag/AgCl electrodes were attached on the left and right
frontalis muscle, respectively. Monopolar recording was used and the
subject was asked to raise the eyebrow (frontalis contraction) for 5 min,
making each contraction for 5 seconds. Each contraction was analysed to

give RMS of noise and SNR values.
2.7.4 Fatigue comparison tests

Electrodes were attached on the most prominent bulge of the muscle belly

of FCU, and different types of electrodes were attached exactly on the
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same position. The subject was asked to curl the wrist 60 s for three times

for each type of electrodes.
2.7.5 Muscle contraction task for muscle activity maps

For biceps brachii recording, the subject performed a biceps curl
(concentric and eccentric activity) starting from a full extension of the elbow
to a full flexion, with a 4 kg dumbbell while sEMG signals were recorded
from the muscle with all 24 sites. The task performed lasted for 10 seconds,
and then the subject released the dumbbell to the starting position. For
APB recording, the task was moving thumb to the proximal end of little
finger and moved back. The RMS values of the recorded sEMG were
calculated for timesteps of 0.25 s and 0.083 s for BB and APB, respectively.
Muscle activity maps were generated to help visualize the change in

activity during the task.

2.7.6 Muscle contraction task for muscle-tendon

junction location

Five male subjects, with average age of 23.4 £ 1.9 (mean = SD), were
recruited for the task. The isometric task for biceps brachii was holding the
5 kg dumbbell for 30 seconds, with forearm paralleled to the ground and
the arm with a right angle to the forearm. The dynamic task was making a
biceps curl with the 5 kg dumbbell including bending and extending. The
isometric task for the Achilles tendon recorded by MEAP #1 was
maintaining three lower leg positions in Fig. 5.3.5, with the gastrocnemius

naturally contracting. The isometric task for the Achilles tendon recorded
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by MEAP #2 was maintaining four lower leg positions, with the
gastrocnemius making voluntary contraction. The dynamic task for both
MEAPs were the same that the subject did plantarflexion to dorsiflexion

with their tiptoe on the step.

2.7.7 Muscle contraction task for muscle injury

prevention

The same five subjects mentioned earlier used their non-dominant hand to
perform one-arm concentration curls to record SEMG signal generated
from biceps brachii muscle by MEAP. The MEAP had 4 columns and 6
rows; column 1- 4 and row 1- 6 were from left to right and bottom to top,
respectively. The isometric task started at 10 s and kept for 30 s; after 1
min rest, 10 curls in dynamic task were performed to complete one session.
The subjects were asked to control curl speed around 4.5 rad/s for 5 total
sessions by the order of 1- 5 kg loadings. For the location of muscle-tendon
junction, when 0.45 < frequencymean < 0.55, the channel was considered
on muscle-tendon junction. The tendon strain was calculated based on the
average distal biceps tendon length'?3. All human experiments were
conducted with the approval from the Medical Ethics Committee of
Southern University of Science and Technology (approval no.

2021SYG049).

2.8 Data collection and processing

Impedances were collected and analysed by NOVA (Metrohm Autolab,
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V2.1.4). sEMG data were collected by g.Recorder (g.tec, V5.16.01) and
analysed by OT BioLab+ (V1.5.9) and Origin Pro 2021. All RMS, median
frequency, and mean frequency values of the recorded sEMG signals were
computed for time steps of 0.125 seconds, unless specified otherwise. For
dynamic tasks in muscle-tendon junction location section, the mean
frequency values of SEMG data were initially smoothed using a Savitzky—
Golay filter (with a frame length of 21 and an order of 1) in Matlab R2020a;
for real-time monitoring of dynamic tasks in the same section, each set of
values were determined first and then the means were generated and
plotted as mean + SD. In the section of injury prevention, the Gardner-
Altman plot was generated with a confidence level of 0.95 and a total of
5000 bootstrap samples. For statistical analysis, data are presented with
mean values = SD, unless otherwise noted in the figure caption.
Significance was defined as *P< 0.05; **P< 0.01; ***P< 0.001; ****P<

0.0001. Statistical analysis was performed using Origin Pro 2021.

2.9 Appendix

The needle electrode recordings were carried out by a clinician, Dr Taimour
Alam, at Leeds General Infirmary as part of a pilot study involving one
healthy subject. The data obtained from the clinical recording by the
clinician was subsequently analysed by the author. All testing procedures

adhered to the ethical guidelines of Leeds General Infirmary.
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Chapter 3

Characterizations of TPP electrodes

3.1 Introduction

Electrophysiology involves either recording of electrical signals or the
delivery of electrical charges as stimuli. The electrode in electrophysiology,
as an interface between humans and devices, is crucial for both of the
aforementioned techniques. For a long time, the field of EMG has been
grappling with electrode-related challenges. EMG, a technique that can
provide multiplexed information about muscles for diagnosis, rehabilitation,
exercise improvement, and injury prevention, should be as common and
useful in our daily lives as ECG. However, existing needle electrodes are
invasive, and existing surface electrodes cannot achieve high-quality

recording for a long term, severely limiting the widespread adoption of EMG.

To obtain accurate data from muscles, sEMG electrodes must meet
numerous requirements, including low impedance for signal quality'?4,
good stretchability and adhesiveness for signal stability’?®, small size
(diameter < 5 mm) for high-density recording'”, and good biocompatibility
and durability for wearable devices. Among these challenges, the most
significant is the rigidity of most electrodes, which prevents them from
conforming well to human skin. This often leads to position shifts that affect
signal reception or electrode failure due to prolonged strain on the

electrode itself?!.

Currently, existing sEMG electrodes have several limitations.
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Nonpolarizable Ag/AgCl electrodes have replaced traditional electrodes
like platinum or gold and are the most commonly used type in clinics and
research. Using conductive gel between the electrode and skin yields a
high SNR. However, signal quality typically decreases as the gels dry out,
and in this case, the lack of electrode conformability on the skin can further
worsen signal quality’?®. Additionally, Ag/AgCI electrodes often lack a
robust structure, with AgCl film chipping away after repeated use and
releasing highly toxic metal ions into the tissue, posing a risk of infection?3.
Devices based on gold or platinum can have flexibility and fatigue issues
that limit their performance on soft skin, and a lack of adhesiveness at the
electrode site can cause motion artifacts in SEMG signals38127-131_ There
have been reports of novel SEMG electrode providing muscle information
for clinical use and human-machine interfacing. However, these electrodes
are usually made of solid metals, which are non-conformal to the skin,
reducing signal quality and resulting in short recording timespans?0.132.133,
Some electrodes are made of inorganic compounds or conductive
polymers with limited flexibility on non-stretchable substrates, causing
contact issues between the device and the skin'3*'35, Thus, developing an
adhesive, conformal, and non-toxic dry electrode is still a goal of many
researchers. Dry electrodes force the material to be classified into three
types: metal, carbon materials, and conductive polymers. Conventional
metals and carbon materials have exceedingly high Young’s moduli,
requiring complex procedures to fabricate micro-/nano-structures for
flexible bioelectronics. In comparison, employing conductive polymers that

can be variably tuned offers a more advantageous approach, as
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researchers can tailor them to specific functionalities depending on the

application scenarios.

In this context, PEDOT:PSS is a suitable conductive polymer due to its
good biocompatibility, high conductivity, and high electrochemical
stability’10.136.137 However, pure PEDOT:PSS film only exhibits a strain of
~5%, which is insufficient for accommodating most skin deformations?°. Its
water-soluble properties limit its use in the presence of sweat, and its poor
resistance to rubbing affects durability when in contact with the skin'8. The
non-adhesive nature of pure PEDOT:PSS film also poses contact issues,

reducing the quality of electrophysiological signals.

Based on the literature concerning the interaction between gallol groups
and proteins on the skin, it has been observed that these interactions can
generate adhesiveness. Additionally, certain polymers have been found to
enhance the stretchability of PEDOT:PSS, e.g. PVA. In this section, it is
aimed to address the challenge of sEMG electrodes using PEDOT:PSS by
incorporating TA and PVA. This new polymer blend is called TPP. Each
component in this system contributes uniquely to the final properties of the
electrode film (Figure 3.1.1a). It is found that this film shows excellent
stretchability and adhesiveness on the skin (Figure 3.1.1b and c). To
demonstrate and confirm the novelty of these sEMG electrodes, various

characterizations are essential.
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Figure 3.1.1 TPP films. a Different constituents and their functions in TPP
electrode. b Schematic diagram of adhesion between TPP electrode and
skin. ¢ Photographs of the performance of TPP electrodes during
stretching and on skin.

3.2 Determination of the formula of TPP

The common approach for determining the optimal ingredient proportions
in a ternary system involves first establishing the ratios in a binary system
and subsequently considering the third component. In this study, to
ascertain the ideal concentration of each constituent in the TPP solution,
the focus was initially on optimizing the PVA loading in the PEDOT:PSS

solution.

3.2.1 Determination of the ratio between PVA and

PEDOT:PSS

The establishment of optimal ratio between PVA and PEDOT:PSS
depends on various properties of the PEDOT:PSS film measured in
relation to varying PVA doping concentrations. Weight fractions of PVA at

0%, 25%, 33.3%, 50%, 66.7%, and 75% were investigated.
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Considering the need for conformability of SEMG electrode on the skin, my
primary focus is to evaluate the stretchability of the film. Since it is well
known that the addition of PVA can enhance the stretchability of the film,
but also introduces insulation which theoretically affects its conductivity,
finding a balance becomes imperative. In this context, it is aimed to
establish a viable range of ratios between PEDOT:PSS and PVA for a film
suitable for sEMG electrodes. It is found that as the concentration of PVA
increases, the stretchability of the PEDOT-PVA film improves. Notably, the
highest conductivity is achieved at a PVA content of 25% (Figure 3.2.1).
Researchers have observed that a small quantity of PVA can significantly
enhance the electrical conductivity of PEDOT:PSS, primarily attributed to
the interaction between the hydroxyl functional group of the polymer and
PEDOT:PSS™°. However, as the concentration of PVA continues to
increase, the insulated portion become more pronounced, leading to a
subsequent decrease in conductivity. It is also found the a PVA
concentration of at least 66.7 wt%, gives a stretchability of over 30% which
is similar to that of the human skin''2. Considering stretchability as a priority,
if the loss of conductivity does not significantly impact signal quality of
SEMG recording, it is advisable to explore PVA concentrations exceeding

66.7 wt% in further research.
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Figure 3.2.1 Strain and conductivity of PEDOT-PVA electrodes with
different PVA additions.

When considering the application on the skin, it becomes necessary for
SEMG electrodes to exhibit robust abrasion resistance. The results
demonstrate a substantial enhancement in the abrasion resistance of
PEDOT-PVA film with the addition of PVA. This improvement can be
attributed to the strong interlock between PEDOT:PSS and PVA, with
tenacious PVA part contributing to the protection. This observation
provides additional evidence of the good miscibility between PEDOT:PSS
and PVA from a different perspective. In the absence of such miscibility,
the film would probably exhibit a gradual resistance change instead of the
sudden change observed, as the PEDOT:PSS part would continuously
strip off from the film during the abrasion (Figure 3.2.2a). To quantify the

impact, the time-to-abrasion data with an exponential model was fitted,
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revealing that the addition of PVA for improved abrasion resistance may
offer more significant benefits than other properties that exhibit proportional
relations (Figure 3.2.2b). This principle should be taken into account when

determining the optimal ratio between PEDOT:PSS and PVA.
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Figure 3.2.2 Abrasion-resistance of PEDOT-PVA electrodes. a Real-
time monitoring of resistance change across different PEDOT-PVA
electrodes. R is the real-time resistance of the film; Ro is the initial
resistance of the film. b Comparison between final time to abrasion across
different PEDOT-PVA electrodes.

Because of the aqueous base of PEDOT-PVA, it becomes essential to
investigate the durability of this binary system in an aqueous environment,
especially given the potential effect of sweat on the skin when used as an
SEMG electrode. The results showcase that the addition of PVA leads to a
linear increase in the water resistance of the film (Figure 3.2.3). From this

perspective, a higher PVA concentration is preferable.
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Figure 3.2.3 Water resistance of PEDOT-PVA electrodes.

Viscosity measurements of PEDOT-PVA solutions with varying PVA
concentrations were also conducted. It is worth noting that, from a
processing perspective, a lower viscosity solution is preferred due to ease
of transfer, reduced consumption per square, and the generation of a more
uniform film during evaporation. The results demonstrate that the addition
of PVA increases the viscosity of the solution, with a more significant
impact observed when the concentration exceeds 75 wt% (Figure 3.2.4).
This observation implies that the addition of PVA should be carefully

controlled within a reasonable range to facilitate ease of processing.
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Figure 3.2.4 The viscosities of PEDOT-PVA solutions.

The impedance of sSEMG electrodes plays a critical role in signal quality.
Lower impedance leads to higher signal amplitudes compared to baseline
noise, resulting in an improved SNR. To assess the performance of
PEDOT-PVA electrodes, commercial Ag/AgCl sEMG electrodes were
included as a reference. The results indicate that all PEDOT-PVA
electrodes exhibit similarimpedances to the Ag/AgCl electrode, with values
falling within the same order of magnitude (Figure 3.2.5a). Impedances
were measured at 100 Hz, a commonly used frequency for comparing
muscle activity (Figure 3.2.5b). Notably, the impedance results align with
the conductivity findings, showing optimal electrical performance when the

PVA concentration is 25%. These findings should be considered in the final
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determination of the binary system.
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Figure 3.2.5 The results of impedance of PEDOT-PVA electrodes. a
The impedances of the Ag/AgClI electrode and PEDOT-PVA electrodes in
frequency domain. b The impedances of the Ag/AgCl electrode and
PEDOT-PVA electrodes measured at 100 Hz.

All the aforementioned results were summarized in a radar plot, with each
scale normalized to its respective maximum value for ease of comparison.
It is challenging to definitively determine the best choice because blending
polymers often presents a dilemma, where improving one property may
lead to a decline in another. This trade-off will be further discussed in
Chapter 7. Yet, when prioritizing conformability, which is a primary issue
with current sEMG electrodes, the conclusion is the optimal weight fraction
of 66.7 wt%, equivalent to a weight ratio of 2:1, represents the ideal
concentration of PVA and PEDOT:PSS. This ratio provides higher
stretchability and durability, making it well-suited for sEMG applications on

the skin (Figure 3.2.6).
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Figure 3.2.6 The radar plot of characterization results with different
PVA addition.

Based on this, two types of electrode films: 1) pure PEDOT:PSS, 2)
PEDOT:PSS with 66.7 wt% of PVA were chosen for further topographic

characterizations using microscopy.

In the SEM results, both films exhibit the typical topography of dense
polymer films (Figure 3.2.7). Upon closer examination and comparison
between Figure 3.2.7b and 3.2.7d, it can be found that the inclusion of PVA
within PEDOT:PSS results in the formation of a significantly more uniform
film compared to pure PEDOT:PSS films. This enhanced miscibility can be
attributed to the robust interaction between PVA and PEDOT:PSS

facilitated by hydrogen bonds™'3.
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Figure 3.2.7 SEM images of the PEDOT:PSS film with or without PVA
addition. a, b SEM images of the electrode film made by pure
PEDOT:PSS. ¢, d SEM images of the electrode film made by PEDOT:PSS
with 66.7 wt% of PVA and 5 vol% DMSO.

Analysis of the topography through AFM microscopy reveals a notable
effect of PVA addition on smoothing the electrode films (Figure 3.2.8). The
results from phase images further highlight the impact of PVA addition,
introducing a new phase into the film when compared to the pure
PEDOT:PSS film. Importantly, these phases exhibited excellent miscibility
within the film. This outcome once again underscores the positive
interaction between PEDOT:PSS and PVA when viewed at a microscopic
level. It is also worth noting that the increased flexibility of the PEDOT-PVA
film may be attributed to its composition of smaller grains and a smoother

surface compared to the pure PEDOT:PSS film, when the blending
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appears to reduce some structural flaws within the film.
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Figure 3.2.8 AFM images of the PEDOT:PSS film with or without PVA
addition. a-c AFM images and phase image of the electrode film made by
pure PEDOT:PSS. d-f AFM images and phase image of the electrode film
made by PEDOT:PSS with 66.7 wt% of PVA and 5 vol% DMSO. g Surface
roughness of two types of PEDOT:PSS films measured using AFM.
PEDOT and PEDOT-PVA are abbreviations of pure PEDOT:PSS and
PEDOT:PSS with 66.7 wt% of PVA, respectively.
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3.2.2 Determination of each constituent in TPP

After the ratio between PEDOT:PSS and PVA was determined, different
TPP films were made to identify the optimal TA concentration. Weight
fractions of TA at 0%, 0.8%, 1.6%, 3.2%, 4.8%, 6.4%, 8%, 9.6%, 11.2%,

and 12.8% were investigated.

The assessment was initially conducted on the mechanical performance of
TPP films, focusing on conformability as it is the primary objective in this
polymer blending study. The results indicate that the addition of TA further
increases the elongation at break of the film (Figure 3.2.9). Additionally, the
Young’s modulus of the film decreases with increasing TA loading. Based
on these findings, it can be inferred that a higher TA addition is more

favourable for enhancing the conformability of TPP films when applied to

the skin.
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Figure 3.2.9 Mechanical characterizations of TPP films with different
TA loading. a Tensile stress—strain curves. b Strain and Young’s
modulus of TPP films.

Another crucial property essential for high-quality recordings is the

adhesiveness of the electrode. Therefore, a thorough evaluation of the
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adhesiveness of the TPP film was conducted. The findings indicate that the
peeling force required to remove the TPP film from the skin exhibits an
increasing trend with higher TA loading (Figure 3.2.10). When considering
both conformability and adhesiveness, it becomes evident that a higher TA

loading is favourable.
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Figure 3.2.10 Peeling force of TPP films on the skin.

However, during the peeling test, it was observed that some TPP films with
high TA loading could leave residue or even break during the peeling-off
process. Consequently, it appears that the TA loading cannot be increased
without limits. To establish a reasonable range, a residue test on TPP films
with varying TA loading was conducted. The outcome showed that when

the TA loading exceeds 9.6%, noticeable residue remained on the skin
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after peeling (Figure 3.2.11). This experiment underscores the importance
of controlling TA loading, as excessively high levels can compromise the
integrity of the electrode, making it challenging not only for easy removal

but also for potential repetitive use.

Figure 3.2.11 The photograph of residue test of TPP films with
different TA loading peeled off from the skin. The films were attached
to the skin for 5 min. Scale bar: 1 cm.

The conductivity of TPP films with varying TA loading was measured. The
results indicate that the addition of TA leads to a reduction in conductivity
(Figure 3.2.12). However, when TA loading exceeds 0.8%, there were no
significant changes observed in conductivity. This suggests that the impact
of TA loading on conductivity can be disregarded when prioritizing

conformability and stretchability. This represents another compromise
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encountered in the development of a new polymer film, a topic which will

be explored further in Chapter 3.3.
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Figure 3.2.12 Conductivity of TPP films with different TA loading.

To elucidate the substantial impact of TA loading on the mechanical
properties of the film, SEM was used to examine the microstructure of TPP
films. Cross-sectional SEM images revealed the presence of porous
structures in the TPP film with added TA, with the average pore size
increasing when TA loading was higher (Figure 3.2.13). These pores range
in size from hundreds of nanometres to several micrometres. While these
porous structures borne some resemblance to hydrogel matrices, they fell
short of being considered typical hydrogels, as most hydrogels typically

possess pore sizes in the range of 10-500 um and high content of water
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(typically 70—-99%)'4°. These characteristics were not observed in the TPP
film. In this context, it is supposed that the TPP film occupies an
intermediate state between a pure polymer film and a hydrogel. This
hypothesis finds support in the cross-sectional SEM images, where the film
underwent a transition from a dense structure to a porous one as TA
loading increases, representing a gradual transformation towards a
hydrogel-like state. The presence of these porous structures in this
intermediate state results in reduced cohesive energy and Young’s
modulus. The decreased cohesive energy in the adhesive electrode can
lead to cohesive rupture (damage to the electrode) rather than adhesive
rupture (occurring on the surface), potentially leaving undesirable residue
upon peeling from the skin. This has been confirmed by previous tests
(Figure 3.2.11). The lower Young’s modulus imparts better compliance and
stretchability to the film, which are crucial for achieving conformal adhesion
between the electrodes and the skin'#'. This has also been confirmed by
the results of tensile and peeling tests on TPP films with increasing

concentrations of TA (Figure 3.2.9 and 3.2.10).
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Figure 3.2.13 The cross-sectional SEM images of TPP films with
different TA additions. The scale bars in images are 4 and 1 pm,
respectively.

In an effort to further comprehend the mechanism behind the alteration of
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the microstructure in the TPP film following TA addition, a simple model
was built to visualize the process. Several studies have reported that the
introduction of a certain amount of TA into hydrophilic polymer solutions
can lead to the formation of tacky and elastic supramolecular complexes.
These complexes are characterized by TA acting as a binder between
polymer chains'21:142143  TA contains gallol groups capable of forming
various interactions, including hydrogen bonds, electrostatic interactions,
hydrophobic interactions, and cation-m interactions with different
adherends. These tacky complexes also enhance wetting behaviour on
various surfaces and establish strong adhesion through Van der Waals
forces and mechanical interlocks. Based on these findings, it is proposed
that the addition of TA results in increased cross-linking of the PVA chains
at specific positions mediated by TA. This cross-linking process expands
the space between polymer chains and ultimately gives rise to the

observed porous structure (Figure 3.2.14).

PEDOT-PVA TPP

Figure 3.2.14 Schematic illustration of the working mechanism in
PEDOT-PVA and TPP films and related chemical structures.

After considering all of these observations, it was determined that a final
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weight concentration of TA at 8% strikes a balance, rendering the film soft
and adhesive without being prone to tearing. This TPP film exhibited an
elongation at break of 188%, a Young’s modulus of 644 kPa, and adhesive

forces of 0.58 N/cm on the skin.

3.3 Characterizations of 8% TPP
3.3.1 Electrical and mechanical properties

After determining the concentration of each constituent in the TPP solution,
we proceeded to verify the indispensability of each component by
examining their impact on the conductivity, stretchability, and
adhesiveness of the electrode. In terms of conductivity, the absence of
PEDOT:PSS resulted in a significant increase in resistance (Figure 3.3.1).
Concerning stretchability, the absence of PVA reduced the elongation at
break from 175% to 15.5%. Regarding adhesiveness, the absence of TA
rendered the film non-adhesive. Each of these results serves to confirm the
essential role of each constituent in the TPP film, providing a deeper

understanding of the formation of this ternary system.
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Figure 3.3.1 The changes of resistance, strain and peeling force with
or without each component in TPP film.

We examined the electrode-skin impedance of the TPP film and compared
it with that of Ag/AgCl and PEDOT-PVA electrodes. The results reveal that
the impedance performance of the TPP film closely resembled that of the
PEDOT-PVA film and is slightly superior to that of the Ag/AgCl electrode

within the sEMG frequency range (Figure 3.3.2).
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Figure 3.3.2 Comparisons of impedance between different types of
electrodes. a Bode plots of three electrodes tested on the skin. Specially
for sEMG, the impedances from 20 — 200 Hz should be focused on. b The
impedances of three electrodes measured at 100 Hz.
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It is clear that TPP electrodes, in comparison to PEDOT-PVA electrodes,
do compromise certain electrical properties in favour of achieving
exceptional stretchability and adhesiveness. Thus, it becomes imperative
to assess the impact of this compromise on sEMG recording. Two
electrode pairs using PEDOT-PVA and TPP electrodes were fabricated,
and each pair is labelled as electrodes 1 and 2. These electrode pairs were
then applied to the biceps brachii for recording during biceps curls. SEMG
signals filtered using two different low cutoffs were compared to evaluate
electrode performance. The signals recorded by PEDOT-PVA electrodes
exhibited significant instability when subjected to a 1 Hz high-pass filter.
This instability stems from non-adhesiveness, causing relative movement
between the electrodes and the skin, resulting in motion artifacts within the
low-frequency domain. In contrast, the adhesive TPP electrodes yielded
much more stable recordings under similar conditions (Figure 3.3.3a).
Further analysis through spectrograms revealed that the activation of EMG
signals at 40 Hz was clearly discernible in results recorded by TPP
electrodes, while it remained challenging to distinguish with PEDOT-PVA
electrodes (Figure 3.3.3b). These findings highlight the advantage of using
adhesive TPP electrodes. Additionally, the quantification of the RMS
changes was done between EMG signals filtered using two different low
cutoffs. The results indicate that adhesive TPP electrodes exhibit greater
stability and are capable of effectively recording lower frequencies even
during dynamic tasks (Figure 3.3.3c). This is advantageous as it reduces
the need for extensive post-processing before analysis, allowing for more

comprehensive data analysis while preserving valuable information. Based
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on these test results, it becomes evident that the trade-off of electrical
performance for enhanced stretchability and adhesiveness holds
significant value, particularly in dynamic tasks. Therefore, TPP emerge as

a preferred choice for SEMG electrodes over PEDOT-PVA.
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Figure 3.3.3 Recording performance by electrodes with or without
adhesiveness during dynamic task. a sEMG results filtered by 1 Hz and
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3.3.2 Repeatability of use

Furthermore, the TPP film demonstrates excellent repeatability even after
being stretched to a strain of 20% for 1000 cycles (Figure 3.3.4). This
property is invaluable in ensuring the durability of the electrode, especially
considering the continuous deformations of the skin during muscle
movements. It is worth noting that the MPC can also endure strains of up
to 80% for 1000 cycles while maintaining a stable resistance®. The
exceptional durability of both materials ensures the overall long-lasting

performance of the device.
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Figure 3.3.4 Real-time monitoring of the TPP film by stretching the
film from a strain of 0 to 20% for about 500 cycles.

To assess the consistency of electrical and mechanical properties of
electrodes on the skin, the evaluation was conduct after subjecting them to
200 cycles of skin compression and stretching. These evaluations involved

physically squeezing and stretching the skin using fingertips to test the



95

stability of the electrodes. The results reveal that TPP electrodes exhibit
remarkable stability in terms of adhesion and skin-electrode impedance

(Figure 3.3.5).
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Figure 3.3.5 The change in adherence and impedance of TPP
electrodes on the skin. a, b images of the electrode applied to the skin
and the motions made during the adhesion test. ¢ The peeling force of TPP
electrodes off the skin before and after motions (n=5). d, e Images of the
electrode applied on the skin and the process of movements during
impedance test. f The impedance of TPP electrodes on the skin before,
after motions and in the state of compressing and stretching.

Furthermore, the change in SNR was employed as a direct measure to
assess the stability of TPP electrodes on the skin. Despite subjecting them
to 200 cycles of compression and stretching, the SNR of sEMG signals
recorded by TPP electrodes remained consistently stable. The baseline
noise level reduced from 1.22 uyV to 1.04 pV and remained stable even
after the motions. Consequently, there was minimal change in the SNR of
signals, demonstrating the remarkable stability of TPP electrodes on the

skin, even after undergoing compression and stretching (Figure 3.3.6).
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Figure 3.3.6 SNR variation and baseline noise levels of TPP
electrodes on the skin. a, b Images showing the electrode applied to the
skin and the motions made to compare SNR. ¢ Demonstration of the entire
process of recording using the TPP electrodes applied on skin before and
after motions.

The repeatability of the TPP electrode was evaluated by repeatedly peeling
the electrode off and reattaching it to the skin while measuring the RMS of
noise. The results consistently showed an RMS noise level of
approximately 1.5 uV over 10 reattachments (Figure 3.3.7). This test
confirms that TPP electrodes can be used repetitively without

compromising recording performance.
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Figure 3.3.7 The repetitive test of TPP films on the skin. Noise levels
were recorded after the reattachment of TPP film, with measurement
repeated three times (n=3).

The tests presented in Figures 3.3.5-3.3.7 provide strong evidence of the
durability of TPP electrodes on the skin. These encouraging results serve
as a fundamental step in demonstrating the potential for the
commercialization of TPP electrodes. Further testing on the repeatability of

the MEAP will be conducted in Chapter 4.
3.3.3 Long-term test

The biocompatibility of TPP electrodes was assessed on the skin and
compared them with Ag/AgCl electrodes. Both electrode types were found
to be skin-friendly, allowing for 24-hour wear without causing any itchiness
or inflammation (Figure 3.3.8). However, a notable difference emerges.

After 6 hours of attachment, the adhesive from Ag/AgCl electrodes



98

detached and adhered tightly to the skin, proving difficult to remove. In
contrast, TPP electrodes left very little residual adhesive on the skin even

after 24 hours of adhesion.

a Before test 0 hours

T == T T
BN 3 hours [N

Ag/AgCl Ag/AgClI

Figure 3.3.8 Biocompatibility of TPP electrodes on skin. a Photographs
of arm skin of the subject for the biocompatibility test. Scale bar: 2 cm. b
Skin condition after wearing of 3, 6, and 24 hours. Scale bar: 1 cm.

Based on the favourable outcomes of the biocompatibility test, we
proceeded with a long-term assessment to explore the potential of the
electrodes for use in wearables. TPP electrodes were applied to the muscle
belly of the FCU of a subject. The results demonstrated that TPP
electrodes performed exceptionally well, maintaining an SNR level above
30 dB for 3 days and above 20 dB for nearly 5 days, while Ag/AgCI
electrodes dropped to 20 dB within 6 hours (Figure 3.3.9). The total wear-
time for the long-term test exceeded 10 days, during which TPP electrodes
caused no itchiness or inflammation. Regarding the increase in baseline

noise, it is hypothesized that normal perspiration might gradually affect the
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effective contact area and conductivity of the TPP film. Sweat components
like fats and salts may accumulate slowly on the TPP film, resulting in
increased noise intensity'#4. Additionally, the natural thickening of the
stratum corneum due to normal metabolic processes may raise impedance

between the electrodes and skin during extended measurements.
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Figure 3.3.9 Biocompatibility of TPP electrodes on skin. a A
photograph of the electrodes for long-term test, and a schematic diagram
to illustrate activities of the subject during the test. sSEMG signals recorded
by TPP and Ag/AgCl electrodes during the long-term test. Scale bar: 2 cm.
b Comparisons of baseline noise and SNR of sEMG signals recorded by
TPP and Ag/AgCl electrodes during the long-term test.

3.4 Comparing tests

3.4.1 TPP electrodes and dry electrodes in other

literature.
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When comparing TPP electrodes with dry electrodes reported in the
literature, TPP electrodes excelled in terms of durability and signal quality.
All information was summarized in Table 3.4.1. Among these studies, one
was published in 2020, nine in 2021, and three in 2022. This selection
allows for a comprehensive comparison that accurately represents the
current state of SEMG electrode technology. It is noteworthy that among
13 studies, only 6 discussed sticky electrodes, and TPP electrodes
outperform others in terms of adhesiveness, contributing to their superior
SNR compared to all dry electrodes. The inherent stretchability of TPP
electrodes ensures a high elongation at break, placing them at the forefront
in comparative evaluations. Additionally, TPP electrodes boast the
smallest electrode area, which can be reduced to as little as 0.8 mm?. This
feature holds significant potential for future high-density array fabrication,
allowing for the incorporation of more channels within the same substrate
area comparing to other reported dry electrodes. However, it is important
to highlight that none of the electrodes in these studies could be used to
create a stretchable array, limiting their applicability in the sEMG sector.
This comparison indicates that TPP electrodes are at the forefront of the

field.
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Materials for | Materials Intrin | Strain The The Electro Long RMS of | SNR
electrodes for sicall adhe smallest de-skin -term | Noise (dB)
substrate y siven | area  of | impeda | test (uV)
s stretc ess the nce at | (Hour
hable (N/c electrode 100 Hz )
? m) (mm?) (KQ*cm
?)
Ag'® Polyimide | No 80% 0 16.0 12.8 11 N/A N/A
Ag-filled epoxy'#6 Epoxy No N/A 0 100.0 80.0 24 ~43.0 16.0
Ag flakes/PDMS™" | PDMS Yes 480% 0 100.0 34.0 10 ~540.0 N/A
Ag- Polyureth | Yes 20% 0 600.0 N/A N/A ~74.0 N/A
polytetrafluoroethyl | ane
ene148
Au nanoparticles’® | Polyimide | No N/A 0 80.0 N/A 24 ~60.0 ~21.0
PEDOT:PSS/ Silk fibre Yes 250% N/A 314.0 ~157.0 N/A N/A N/A
Glycerol'®®
PEDOT:PSS/ N/A Yes 100% 0.013 | 100.0 200.0 12 N/A 35.2
Glycerol/
Polysorbate '
PEDOT:PSS/ N/A No 34% ~0.4 176.6 ~35.3 N/A ~47.0 22.8
Polylactic acid'®? 67
PEDOT:PSS/ N/A Yes 75% 0.005 | 400.0 N/A N/A ~60.6 45
Poly(poly(ethylene
glycol) methyl ether
acrylate)'®?
PEDOT:PSS/ N/A Yes 400% N/A 254.3 101.7 N/A N/A 29.5+1.3
Polyvinyl alcohol/
Borax'%
WPU/Deep N/A Yes 178% 0.125 | 1256.0 25 N/A 50.0 ~14.0

eutectic solvent/
Tannic acid'®®

PEDOT:PSS/ N/A Yes 43% 0.43 400 15 16 ~25 ~20
Waterborne

polyurethane/
D-sorbitol''?
PEDOT:PSS / N/A Yes 54% 0.28 16 100 N/A 11.8 34.96
Polyvinyl alcohol/
Tannic Acid'%®

This work: PDMS/TP | Yes 188% 0.58 0.8 80 120 1.0 42.3+0.7
PEDOT:PSS/ u

Polyvinyl alcohol/

Tannic Acid/

Liquid metal

Table 3.4.1 Comparisons between dry electrodes in other literatures
and this work.
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3.4.2 Comparison of conformability between TPP and

Ag/AgCl electrodes

Ensuring a stable and high-quality signal is crucial, particularly when
recording from areas with skin folds. To validate this aspect, SEMG signal
recordings were conducted on the frontalis muscle using both Ag/AgCl and
TPP electrodes. Frontalis muscle sEMG is essential for research and
treatment in areas such as sleep disorders, anxiety, headaches, and facial
recognition’. However, the presence of skin folds on the frontalis muscle
can pose challenges for non-conformal electrodes during sEMG signal
recording. Thanks to the exceptional conformability and adhesiveness of
the electrode and substrate, TPP electrodes consistently achieved perfect
skin attachment, regardless of skin compression or stretching (Figure
3.4.1a). During recording, TPP electrodes seamlessly adapted to skin folds,
ensuring stable signals even when the frontalis muscle contracts. In
contrast, Ag/AgCl electrodes failed after only four contractions. In this
context, the noise levels which is even higher than signal levels, render

them unsuitable for sEMG recording (Figure 3.4.1b).
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Standard b

AglAgCl

Figure 3.4.1 Comparison of recording performances on frontalis
muscle between Ag/AgCl and TPP electrodes. a Top, standard,
compressing and stretching TPP electrodes on the skin. Scale bar: 1 cm;
bottom, photographs of Ag/AgCl and TPP electrodes when recording
SsEMG of frontalis and the TPP electrode in the skin folds. Scale bar of
photograph at the bottom: 1 cm; bottom inset: 0.5 cm. b sEMG signals
recorded by Ag/AgCl and TPP electrodes, respectively.

Based on lateral photos of both types of electrodes on the frontalis muscle,
a schematic diagram to illustrate the differences has been created. In the
case of non-conformal electrodes, such as Ag/AgCI electrode, skin folds
appear when the frontalis muscle contracts, resulting in air gaps forming
between the electrodes and the skin (Figure 3.4.2a). These air gaps reduce
the adhesion force between the electrode and the skin, making the
electrodes prone to detachment. In contrast, the TPP electrode maintains
its shape and conforms to the skin folds, ensuring stable contact even

during muscle contraction (Figure 3.4.2b).
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Figure 3.4.2 Schematic illustrations and lateral photos of Ag/AgCl
electrode and TPP electrode on skin folds.

Finally, the quantification was conducted to compare the performance of
both electrodes. The findings indicate that the TPP electrode exhibit
significantly greater stability than the Ag/AgCl electrode for sEMG
recording over skin folds, as demonstrated by the RMS of noise levels and

SNR (Figure 3.4.3).
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Figure 3.4.3 Quantifications of recording performances by two
electrodes on frontalis muscle. a Noise level and b SNR recorded by

two electrodes during contractions.

In comparison with commercial Ag/AgCI electrodes, this section confirms
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the exceptional conformability and performance of TPP electrodes in

SEMG recording.

3.4.3 Comparison of muscle fatigue monitoring

between TPP and Ag/AgClI electrodes

Another critical application of SEMG in clinical diagnosis is to assess
muscle function based on the median frequency of the signal*®. Typically,
a decrease in median frequency indicates muscle fatigue. However, if this
decrease occurs at the beginning of the test, it may signify pathological
changes in the muscle, where only a few muscle fibres are recruited for
contraction3. To evaluate the ability of TPP electrodes to capture frequency
information in the signal, we compared them with Ag/AgCl electrodes
placed at the same location on the FCU muscle (Figure 3.4.4a). Two pairs
of electrodes were affixed to the forearm at the same position. The subject
was instructed to curl the wrist while holding a 5 kg dumbbell for three
sessions to activate the FCU. The TPP electrodes exhibited slightly better
SNR than the Ag/AgCl electrodes, with values of 39.2, 37.5, and 40.5 dB
for the three contractions recorded by TPP electrodes compared to 38.9,
37.5, and 38.6 dB for the Ag/AgCI electrodes. Spectrograms from TPP
electrodes clearly displayed frequency information, similar to Ag/AgCI
electrodes. Moreover, the spectrograms revealed a decreasing trend of
frequency in the sEMG signal, which is a direct indicator of muscle fatigue

(Figure 3.4.4b).
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Figure 3.4.4 Quantifications of recording performances by two
electrodes on frontalis muscle. a Photographs of electrode configuration
on FCU and contraction task. b sEMG signals and spectrograms recorded
by Ag/AgCl and TPP electrodes, respectively.

The tasks were designated as flexion 1, 2, and 3 for the calculation of
median frequency during each task (Figure 3.4.5). To mitigate errors
arising from fatigue, we performed a linear fit for the initial 25 seconds of
each contraction to quantify the change, following a reported approach'2.
The slopes obtained with both types of electrodes display negative values,
indicating muscle fatigue. These quantified results validate that TPP

electrodes can measure muscle fatigue similarly to Ag/AgCl electrodes.
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Figure 3.4.5 seEMG signals and linear fit results of median frequency
during flexion 1, 2 and 3 recorded by Ag/AgCl and TPP electrodes.
Decreasing median frequencies indicated fatigue of the muscle.

3.5 Impact of viscosity on TPP ink spray patterns

When recording from small muscles, the size of the electrode must be
proportionally reduced, imposing specific requirements on the patterning
method. This method should be both stable and highly efficient, allowing
for the smallest possible electrode size while retaining scalability for
potential high-density structures within an array. In this regard, the

application of TPP via moulds to create specific patterns emerges as a
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practical solution. However, initial observations revealed that the spraying
pattern of the original TPP ink resulted in an island-like structure on the
substrate, failing to form a uniform film suitable for an sEMG electrode
(Figure 3.5.1a). Notably, significant improvement in film uniformity was
observed after the addition of xanthan gum to the TPP ink (Figure 3.5.1b).
This intriguing phenomenon prompted an exploration of its underlying

causes, with the aid of a simplified dewetting model.

Dewetting, in this context, refers to the spontaneous withdrawal of a liquid
film from an adverse surface, akin to water beading on a hydrophobic solid
surface’d. In our spraying scenario, it is assumed that dewetting
continually occurs due to defects on the substrates or airflow during
spraying (Figure 3.5.1c). Either of these factors can create dry zones within
the film. The initial assumption is that a uniform film is initially formed, but
subsequent dewetting disrupts its continuity. In this scenario, the dewetting
velocity becomes a critical factor. Given the continuous nature of spraying,
a new droplet is deposited on the film at specific intervals. During this
interval, the outcome depends on the relative rates of dewetting and droplet
deposition. If dewetting occurs rapidly, creating a dry zone larger than the
new droplet, dewetting persists. However, if dewetting is slow, the dry zone
shrinks to a size smaller than the new droplet, causing the droplet to fully
cover and terminate the dewetting process. These two assumptions are
pivotal in the model, with dewetting velocity inversely related to viscosity.
Consequently, an increase in the viscosity of the TPP ink is expected to

yield improved uniformity in spray patterning.
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Figure 3.5.1 Results of spray patterning with different addition of
xanthan gum in TPP ink and a simplified model for dewetting. a 0%
addition of xanthan gum. b 0.4% addition of xanthan gum. ¢ Dewetting
model for spray patterning. V: dewetting velocity of droplets on the
substrate; t,: time for droplets to be resprayed per unit area; r,: radius of
spray droplets; r4: radius of droplet dewetted after t,. Scale bar in a and
b: 1 cm on left panels; 2 mm on right panels.

The final step in validating this model involved examining the viscosity of
TPP ink with varying concentrations of xanthan gum. It was observed that
viscosity increased with the addition of xanthan gum (Figure 3.5.2). In

some patterning cases, 0.1% surfactant (Captone FS-31) was introduced
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to improve the contact between the pattern and substrate. Consequently,
the viscosity of TPP ink with 0.1% surfactant was also assessed, revealing
that the presence of surfactant led to higher viscosity compared to ink
without surfactant. This outcome may be attributed to the surfactant in
reducing droplet or particle size within the TPP ink, ultimately resulting in
higher viscosity. This phenomenon occurs because more of the continuous

phase becomes bound within the interfacial layers'®°.

However, it is worth noting that higher viscosity does not always translate
to better performance. Excessively high viscosity can impede the ink to
spray effectively from the nozzle. Consequently, after careful consideration,
a concentration of 0.4 wt% xanthan gum was determined to be the optimal

addition to the TPP ink for spray patterning.
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Figure 3.5.2 The viscosities of TPP ink with different loadings of
xanthan gum.
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In fact, in the TPP system, each component has its specific function in the
whole system, just like PEDOT:PSS is for conductivity and tannic acid is
more for adhesiveness. In this case, xanthan gum is added as a thickening
agent to increase the viscosity of the ink. There are many substitutes to
achieve the same function; for example, carboxymethyl cellulose, gelatine,

or chitosan can also be used to increase the viscosity.

3.6 Conclusions

In the pursuit of the optimal TPP electrode, this section first meticulously
delved into the ratios of two components: PVA and PEDOT:PSS. The
investigation uncovered a delicate equilibrium between PVA content and
electrode properties. Elevated PVA levels bolstered stretchability while
maintaining electrical conductivity. Notably, a PVA concentration of
approximately 66.7 wt% mirrored the stretchability of human skin. This
increase in PVA content also correlated with improved abrasion resistance
and linear enhancements in water resistance. However, excessive PVA
addition resulted in heightened viscosity and impedance, affecting ease of
processing. Finally, a radar plot identified the ideal balance at 66.7 wt%
PVA, harmonizing stretchability, abrasion resistance, water resistance,

viscosity, and impedance.

The exploration extended to the incorporation of TA into TPP films,
amplifying conformability and adhesiveness. Microstructural analysis

unveiled porous configurations in TPP films, with pore size scaling
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proportionally to TA content. This intermediate state, bridging pure polymer
films and hydrogels, translated into reduced cohesive energy, fostering
compliance and stretchability. Striking equilibrium at 8% TA loading yielded
an adhesive, supple, and robust TPP film, albeit with slight electrical trade-
offs. This compromise between specific electrical properties in favour of
enhanced stretchability and adhesiveness proved invaluable, especially

during dynamic tasks.

Furthermore, TPP electrodes displayed remarkable stability in recording
lower frequencies, curbing the need for extensive post-processing and
preserving critical data. Their durability and biocompatibility were evident,
enduring long-term test, repeated deformation and reattachment cycles
with minimal performance impact. These results rendered TPP a superior

choice for wearables compared to traditional Ag/AgCl electrodes.

The relationship between spray patterning and the viscosity of TPP ink was
also explored, and it was found that a proper increase in viscosity can
improve the patterning performance. The discovery of this new patterning
method opens up more application potentials for various types of electrode

or array fabrications based on TPP.

In conclusion, TPP electrodes offer an enticing solution for sEMG
electrodes. Their amalgamation of electrical performance, flexibility,
adhesiveness, and durability ushers in innovative possibilities in this

domain.
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Chapter 4

Characterizations of MEAPs

4.1 Introduction

Considering the numerous demands on electrophysiological electrodes,
materials with excellent flexibility and stretchability, such as liquid metals,
hold a significant advantage in this field>"18"-'69|n previous work by Prof.
Jiang’s group, the MPC, made from EGaln, exhibited high stretchability and
flexibility (strain of 500%), conductivity (8*10% S/cm), and biocompatibility.
This material has found applications in flexible circuits, strain sensors, and
electroporation electrodes?*'.100.170-173 \While some literature has reported
the use of GLM as EMG electrodes, it is worth noting that using liquid metal
as the contact electrodes directly on the skin can lead to issues like leakage
and abrasion, which can severely reduce the working time of the device.
However, this material performs exceptionally well when encapsulated in
an elastomer, providing repeatability for over 100,000 stretches*'. This
makes it a highly suitable material for creating high-density sEMG

recording configurations when used in conjunction with TPP electrodes.

The essence of high-density recording of sSEMG electrodes lies in capturing
a more detailed and precise representation of muscle activity. High-density
recording involves placing a greater number of electrodes over a specific
muscle or muscle group compared to traditional setups. This approach
offers several key advantages: 1) spatial resolution: High-density electrode

arrays provide finer spatial resolution, allowing for a more accurate
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localization of muscle activity. This is particularly valuable for applications
such as muscle localization, biofeedback training, and the study of complex
muscle interactions; 2) enhanced signal Information: With more electrodes,
multiple regions within a muscle can be recorded simultaneously. This
enables a deeper understanding of muscle behaviour, including variations
in muscle activation patterns and the timing of muscle contractions; 3)
improved signal separation: high-density recording can help distinguish
between adjacent muscles that may have crosstalk. This is crucial for
applications where precise muscle isolation is required, such as in clinical
assessments and prosthesis control; 4) clinical applications: high-density
SsEMG is valuable in clinical settings for diagnosing neuromuscular
disorders, monitoring rehabilitation progress, and optimizing treatments. It

provides clinicians with a richer dataset for making informed decisions.

Based on TPP and MPC, the MEAP was fabricated to realize high-density
sEMG recording. It is necessary to evaluate the durability and recording
quality of this new device. A sEMG commercial array (CA) made of Pl will
be compared in this section to demonstrate the advantage of MEAP
conformability on the skin. Noted that MEAP with substrate of PDMS is

examined in chapter 4.3 and 4.4.

4.2 Fabrication

4.2.1 MEAP with substrate of PDMS

The MEAP consists of two main components: the circuit and the electrode.
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The circuit part is made of MPC, known for its excellent stretchability and
conductivity, ensuring both device durability and signal quality. However,
MPC is not suitable for use as contact electrodes due to its vulnerability to
abrasion and potential leakage when applied to the skin. Therefore, the
electrode part employs TPP. Fabricating a MEAP is a straightforward
process, achievable within 30 minutes using simple instruments such as
screen printers and ovens (Figure 4.2.1a). The liquid metal circuit is
protected by encapsulating it with PPA'%2, as developed in previous work
by Prof. Jiang’s group. This configuration ensures that only the TPP
electrodes make contact with the skin. Thanks to scalable screen-printing
fabrication, the MEAP can be easily customized for different muscle groups
as needed. The MEAP can be stored on a release film to protect the device,
and its user-friendly design, combined with remarkable stretchability,
allows for direct attachment to the skin for sEMG signal recording (Figure

4.2.1b).
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Figure 4.2.1 sEMG signals and linear fit results of median frequency
during flexion 1, 2 and 3 recorded by Ag/AgCl and TPP electrodes.
Decreasing median frequencies indicated fatigue of the muscle.

4.2.2 MEAP with substrate of TPU

When recording small muscles like the abductor pollicis brevis (APB), it is
crucial to have a high-resolution MEAP to minimize crosstalk, especially for
clinical applications discussed in Chapter 6. Clinical EMG signal needs to
focus on MUAPs, which should originate from specific motor units within
the APB. This requires both a fine surface area for TPP electrodes and IED
to achieve the necessary resolution. Such a level of resolution can only be
attained through an effective and stable patterning technique.
Unfortunately, the hydrophilicity adjustment and patterning method used
on PDMS are no longer suitable for the tiny electrode areas required for

APB. Hot pressing between PDMS and FPC is also unstable due to PDMS
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not being a thermoplastic material. These limitations render PDMS
unsuitable for MEAPs to satisfy clinical needs. Consequently, we turned to

TPU due to its stretchability, biocompatibility, and thermoplastic properties.

The stretchability and biocompatibility of TPU ensure that MEAP with a
TPU substrate maintains excellent conformability on the skin, making it
suitable for long-term sEMG applications. Additionally, the thermoplastic
nature of TPU allows for a stable and secure connection with FPC after hot
pressing, further enhancing signal quality for potential clinical diagnosis.
The MEAP for electrodiagnostic purposes consists of three layers: a TPP
substrate with an MPC layer, a TPP electrode pattern layer, and a TPU
encapsulation layer (Figure 4.2.2a). The TPP electrode pattern layer is
formed by spraying TPP ink onto the TPP substrate, guided by a TPU mask
layer to generate specific TPP patterns, eliminating the spacing issues
between channels. The TPU encapsulation layer utilizes a medical infusion
sticker with strong adhesiveness to establish a firm contact between MEAP
and the skin. The final shape of the electrode site in contact with the skin
is determined by the encapsulation layer, provided that the intermediate
TPP electrode pattern maintains good alignment in practical use (Figure

4.2.2b-d).
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Figure 4.2.2 MEAP with substrate of TPU for electrodiagnostic
recording on APB. a Schematic diagram of MEAP. b TPP electrode
pattern mask. Scale bar: 5 mm. ¢ TPU encapsulation layer. Scale bar: 5
mm. d Photograph of the final MEAP. Scale bar: 2 cm.

4.3 Characterizations of MEAPs
4.3.1 Topography and stretchability

The state of the LMNPs within the PDMS matrix was examined using SEM.
The SEM images clearly revealed that the GLM nanoparticles were
embedded in the PDMS (Figure 4.3.1a). On the peeling surface, the
LMNPs exhibited isolated topography, but within the PDMS, they made
contact with each other, forming conductive paths. The exposed parts
created perfect connection pads for linking with the TPP electrode sites. In
addition, the substrate of the MEAP can withstand elongation of over 200%,
showcasing its exceptional stretchability (Figure 4.3.1b). This property
ensures the MEAP can be applied to the skin while maintaining

conformability.
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Figure 4.3.1 Characterizations of MEAPs. a SEM micrograph of the MPC
circuit. Scale bar: 10 um. b Stress-strain curves of the substrate of MEAP.

4.3.2 Repeatability of use

Similar to the TPP electrodes, assessments on the reattachment
performance of the MEAP were conducted. A 24-channel MEAP was
created, and it underwent over 20 reattachments on the biceps brachii
(Figure 4.3.2a). Remarkably, the baseline noise consistently maintained an
amplitude of approximately 50 yV across all channels, even after 28
reattachments (Figure 4.3.2b, c). Moreover, the SNR remained stable at
20 dB across all channels following 28 reattachments. Statistical plots were
employed to demonstrate the stable performance of all MEAP channels
(Figure 4.3.2d, e). These results strongly suggest that the MEAP can be

used repetitively.
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Figure 4.3.2 The reattachment test of 24-channel MEAP on the skin. a
Images showing the process of detachment and reattachment of MEAP on
biceps brachii. b, ¢ The baseline noise of each channel and the SNR of
each channel plotted for each reattachment. d, e Whisker plots of statistical
verification of b and ¢ for the 28 reattachments. Statistical analysis was
conducted to assess the baseline noise and SNR of each channel
throughout the reattachment test. 28 reattachments, per channel, were
included in the analysis. The box plots depict the mean (centre square),
median (centre line), 25th to 75th percentiles (box), and the lower and
upper whiskers representing the smallest and largest values that are < 1.5
times the interquartile range, respectively. Outliers are also shown.

4.3.3 Permeability

The permeability of a material attached to the skin is crucial for ensuring
comfortable wear for subjects over extended periods. To assess this, we
examined the permeability performance of MEAP for daily long-term use
(Figure 4.3.3a-c). It was observed that the MEAP with punctures exhibited
higher water loss compared to the intact MEAP, indicating that the
permeability of MEAP can be adjusted by modifying the physical structure
of the substrate (Figure 4.3.3d). This adjustability can be customized based
on individual experiments and subject requirements, allowing us to create

a comfortable wearing experience for daily use. This is particularly valuable
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as the permeability can be increased to a level that promotes adequate
airflow. The results of comparison indicate that the permeability of MEAP
is sufficient to provide a comfortable wearing experience for daily use,
taking into consideration that the insensible sweat rate of individuals

ranges from 12 to 42 g'-m2-h~1 74 However, it is important to note that in

comparison to PDMS, polyimide exhibited significantly lower permeability,
suggesting limitations for long-term use (Figure 4.3.3e). The results clearly
indicate that the permeability of MEAP is well-suited for extended usage,

as it does not impede the normal evaporation of sweat from the skin.
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Figure 4.3.3 The permeability comparison test between MEAP, MEAP
(punctures) and polyimide. a, b Images showing the MEAP and MEAP
(punctures) with thicknesses of 80 and 87 um, respectively. The MEAP
(punctures) features 24 punctures (1 mm in diameter), corresponding to
the number of TPP electrodes on the patch. ¢ The experimental setup for
the permeability test. d, e The water loss rates in the three beakers.
Measurements were recorded for each beaker every hour, with n = 3
samples for each recording. e The water loss rate of each cover.
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4.4 Comparing tests

4.4.1 Properties of MEAP and those of sEMG arrays in

other literatures

To provide an objective assessment of MEAP, the properties of MEAP to
other sEMG arrays were compared (Table 4.4.1). Among these studies,
one was published in 2020, nine in 2021, and three in 2022. It is evident
that MEAPs are the only ones with adhesiveness. This is primarily due to
the fact that most electrode materials are metals, which struggle to achieve
both adhesiveness and conductivity simultaneously. In such cases,
conductive polymers have a distinct advantage. Additionally, the
impressive 188% strain of MEAP surpasses that of the majority of previous
works, ensuring conformal contact with the skin. Notably, the TPP
electrodes integrated into MEAP are the only adhesive electrodes among
all these works. The combination of stretchability and adhesiveness in
MEAP contributes to its remarkable features, including the lowest noise
RMS and the highest SNR for sEMG recording. Furthermore, the
straightforward construction and reliable operation of MEAP make it
suitable for various muscles and situations, enhancing signal capture.
Considering these factors, MEAP should be considered state-of-the-art in

the sEMG array sector.



123

Materials for Materials for Is it Strain The The Succ | The Long RMS | Sign
electrodes substrates intrin adhesiv | numb | ess smalles | -term | of al-to-
sicall eness er of rate tarea test Nois noise
y of chan of of the (Hour | e ratio
stretc electro nels chan electro ) (uV) (dB)
hable de nels de
? (N/cm) (mm?)
Ag/AgCl ink Polypropylene | No N/A 0 16 N/A 5.1 N/A N/A ~24.
0
Ag/AgCl ink Polyethylene No N/A 0 64 100 14.5 2 N/A ~20.
terephthalate % 0
Ag PDMS Yes 30% 0 8 100 26.4 N/A N/A 29.5
flakes/PDMS %
Ag nanowires PDMS Yes 50% 0 18 94.4 9.6 N/A N/A N/A
%
Ag nanowires Thermoplastic | Yes 600% 0 4 100 201.0 N/A ~34. 26.6
polyurethane % 0
Al Polyethylene No 51% 0 16 100 84.0 N/A ~130 | N/A
terephthalate % .0
Au Polyimide No 40% 0 20 N/A N/A N/A ~300 | ~20.
0 0
Au Polyimide No 37% 0 64 N/A 0.8 N/A ~10. 40.0%
0 8.0
Au Polyimide No N/A 0 64 N/A 3.1 N/A N/A 26.0+
6.0
Carbon/ Textile N/A N/A 0 14 100 400.0 N/A ~100 | 12.8+
Silicone % .0 0.9
rubber
MXene PDMS No N/A 0 40 100 7.1 N/A ~34. N/A
% 0
Mxene Parylene-C No N/A 0 16 81.25 | 2.6 N/A ~118 | 24.4%
% .0 1.7
PEDOT:PSS/ Kapton No N/A 0 16 100 2.6 N/A ~40. 15.6
Cholinium % 0
lactate
Stainless steel | Textile No N/A 0 150 90.6 113.0 N/A 50.6+ | 30.8+
% 14.8 24
PEDOT/ PDMS Yes 188% 0.58 264 100 0.8 120 1.0 423+
Polyvinyl % 0.7
alcohol/
Tannic acid/
Liquid metal

Table 4.4.1 Comparisons between sEMG arrays in other literatures
and this work.

4.4.2 sEMG recording performances of MEAP and CA

on muscle

Electrode arrays adhering to the skin have been in development and use
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since the 1990s. The most popular material for the currently available
sEMG CA is PI, which has a Young’s modulus of 3 GPa. However, due to
its characteristics, it has been observed that a Pl substrate-based array,
unless designed with specific features like a serpentine design“®, cannot
achieve full conformal contact with human skin, which has a much lower
Young’'s modulus of 10 kPa. In order to address this issue, MEAP presents
a highly promising solution. But it is crucial to showcase the advantages of
MEAP by comparing it to the CA fairly. To ensure a fair comparison of
contact performance on the skin, a 64-channel MEAP with the same
configuration as the CA was fabricated (Figure 4.4.1). It is worth noting that

the thickness of both arrays is 100 ym.
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Figure 4.4.1 The configuration comparison between MEAP and CA.
Both arrays have electrode diameter of 4 mm and IED of 8 mm.

Hot-pressing was used to merge the flexible printed circuit (FPC) with the
MEAP. Employing a customized back-end connector, it was ensured that
each channel of the MEAP could be independently connected to the sEMG
recording system, enabling the analysis of the performance of each

channel separately (Figure 4.4.2).
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SEMG recording | Customized @ Front-end FPC
system interface back-end connector
connector

Figure 4.4.2 The entire setup for connection between MEAP and EMG
recording system.

Both arrays were affixed to the right biceps brachii of the subject, with
channels 1 to 64 arranged from the bottom left to the top right in a column-
by-column fashion. The subject was instructed to flex their biceps to assess
the attachment and recording performance of both arrays. It was observed
that gaps were formed between CA and skin when the muscle contracted,
whereas the MEAP remained securely adhered to the skin. These
differences in attachment performance were also evident in the sEMG
signals. While the signals recorded by the CA initially appeared sufficient
for distinguishing sEMG patterns, the gaps caused by poor electrode-skin
attachment resulted in increased baseline noise after only one muscle
contraction (Figure 4.4.3). This would significantly lower the SNR level in
future recordings. On the other hand, the recordings obtained with the
MEAP demonstrated consistently high signal quality, with no increase in

baseline noise even after ten muscle contractions. This would certainly
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provide a longer duration of valid recording time compared to the CA.

: g/fall off

fall off

Figure 4.4.3 The typical sEMG signals recorded using CA and MEAP
on biceps brachii. a Recording by CA. b Recording by MEAP.

To further underscore the impact of skin deformation on recording
performance, an analysis of SNR was conducted for both the initial and
final contractions. Additionally, an SNR map was constructed to visually
depict the spatial variations in signal quality. In this map, SNRs were
categorized into six distinct colours, enhancing the clarity of the illustration.
The results revealed a striking contrast between the CA electrodes and the
MEAP channels. None of the CA electrodes managed to attain an SNR
exceeding 20 dB during the final contraction, while all MEAP channels
consistently maintained an SNR above 20 dB for both the initial and final
contractions (Figure 4.4.4). This discrepancy strongly suggests that the
conformal attachment of electrodes plays a pivotal role in this distinction.

Notably, the SNR of the first contraction recorded by the CA electrodes
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appeared adequate initially but deteriorated significantly during the final
contraction. This underscores the importance of secure and conformal
electrode-skin contact in achieving reliable and consistent signal quality,

especially under conditions of skin deformation.
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Figure 4.4.4 The spatial SNR performance map for each channel of
CA and MEAP for the first and last muscle contraction on biceps
brachii. a Recording by CA. b Recording by MEAP. SNRf: SNR of the first
contraction; SNRi: SNR of the last contraction.

These findings were further substantiated through rigorous statistical
analysis. Due to the mismatch between the CA electrodes and the skin, a
noticeable increase in baseline noise levels was observed across all CA
electrodes after just one muscle contraction. Interestingly, after
reattachment, the baseline noise levels decreased, underscoring once
again that the gaps between the CA electrodes and the skin was the

primary driver of this change (Figure 4.4.5a). When assessing the rates of
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change in baseline noise, most CA channels exhibited a more than two-
fold increase. In contrast, the MEAP consistently maintained a stable noise
level even after ten muscle contractions (Figure 4.4.5b). This disparity in
baseline noise levels was directly mirrored in the SNR results, with the
MEAP demonstrating significantly higher SNR in its recordings compared

to the CA electrodes.
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Figure 4.4.5 Statistical analysis of performances between CA and
MEAP on biceps brachii. a Baseline noise level of CA before and after
one muscle contraction, as well as after reattachment; baseline noise level
of MEAP before and after ten muscle contractions; b Baseline noise
change rates before and after muscle contractions; SNR performance of
the last muscle contraction recorded by each of the CA and MEAP
channels. Significance was determined by one sample t test (*P< 0.05;
**P< 0.01; ***P< 0.001; ****P< 0.0001).

This section compared CA and MEAP arrays on the biceps of the subject
during muscle contraction. CA showed attachment gaps and increased
noise upon contraction, while MEAP maintained secure skin adherence
and high-quality signal recording even after multiple contractions. SNR
analysis and statistics underscored the importance of conformal electrode-

skin contact for superior signal quality.
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4.4.3 seEMG recording performances of MEAP and CA

on muscle-tendon junction

Recording spatial sEMG signals is crucial for a better understanding of
muscle activation patterns, making it valuable for muscle condition
assessments in clinical, neurophysiological, and sports-related scenarios.
Typically, multiple sEMG electrodes are used simultaneously on a single
muscle to gather comprehensive muscle information. While employing an
array simplifies this process, there are instances where the array needs to
be repositioned, such as over muscle-tendon junctions, to capture maximal
spatial information. This necessitates a higher level of skin conformity for
the array, as muscle-tendon junctions often involve significant skin

deformation during muscle contractions.

To further evaluate the performance of the MEAP and conduct a
comprehensive comparison with the CA, sEMG signals were recorded from
muscle-tendon junctions, closer to the distal end of the biceps, using both
arrays. In this context, the mismatch between the CA and the skin was
even more pronounced than that observed over the main body of the
biceps brachii (Figure 4.4.6a). This mismatch manifested in the sEMG
signal recordings as a significant increase in baseline noise, sometimes
surpassing the signal amplitude itself. Consequently, this made it
impossible to extract meaningful muscle information. It is worth noting that
the onset times of the increased noise varied across channels due to the
spatial variability in skin deformation. Attempts were made to reattach the

CA after signal dropout from certain channels, resulting in reduced noise
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levels. This experiment reaffirmed that the primary cause of the elevated

noise was the mismatch between the CA and the skin.

In contrast, the MEAP maintained perfect conformal contact with the skin,
even under more substantial deformation (Figure 4.4.6b). This superior
conformability ensured the preservation of high-quality sEMG signals

across multiple channels even after ten contractions.

\ fal off\)

Figure 4.4.6 The typical sEMG signals recorded using CA and MEAP
on muscle-tendon junction of biceps brachii. a Recording by CA. b
Recording by MEAP.

Similarly, the spatial SNR performances were compared between the first
and last contractions (Figure 4.4.7a). It was observed that the SNR of each
channel universally decreased compared to the previous recordings on the
muscle part. This is a natural outcome because spatial differences can lead
to recording variations, which will be further elucidated and discussed in

Chapter 5.
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Recordings from the CA channels positioned over the muscle-tendon
junction were notably affected by muscle contractions, as the SNR of most
channels decreased from the first contraction to the last one. Once again,
these observations underscored the detrimental impact of muscle
contractions on the signal quality of sEMG recordings when a non-
conformal array was employed. In contrast, MEAP consistently delivered
stable recordings, with all channels maintaining an SNR greater than 15
dB, both during the initial and final contractions. These results highlight the

robust recording stability achieved by MEAP.
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Figure 4.4.7 The spatial SNR performance map for each channel of
CA and MEAP for the first and last muscle contraction on muscle-
tendon junction of biceps brachii. a Recording by CA. b Recording by
MEAP. SNRyf. SNR of the first contraction; SNRi: SNR of the last contraction.

Statistical analysis of SEMG data from CA electrodes positioned at the
distal end also yielded unsatisfactory results, with the baseline noise of

each channel significantly increasing after three muscle contractions
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(Figure 4.4.8a). However, it is important to highlight that MEAPs
consistently maintained stable and excellent recordings even after ten
muscle contractions. The final SNR comparison further demonstrated a
significant difference between MEAP and CA (Figure 4.4.8b). These
findings strongly indicate that MEAP is capable of recording superior sEMG
signals compared to CA, primarily due to its superior contact performance,

even when faced with substantial skin deformation.
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Figure 4.4.8 Statistical analysis of performances between CA and
MEAP on muscle-tendon junction of biceps brachii. a Baseline noise
level of CA before and after three muscle contractions, as well as after
reattachment; baseline noise level of MEAP before and after ten muscle
contractions; b Baseline noise change rates before and after muscle
contractions; SNR performance of the last muscle contraction recorded by
each of the CA and MEAP channels. Significance was determined by one
sample t test (*P< 0.05; **P< 0.01; ***P< 0.001; ****P< 0.0001).

This section compared the recording performance between MEAP and CA
when targeting muscle-tendon junctions. The results indicated a more
pronounced mismatch between CA and the skin, resulting in elevated
baseline noise levels that made data extraction unfeasible. Conversely,
MEAP maintained perfect conformal contact, preserving high-quality

sEMG signals even after ten contractions. These results emphasize the
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superior sSEMG signal captured by MEAP, primarily attributed to its superior
skin conformity, even under conditions of greater skin deformation

compared to the muscle region.

4.5 Conclusions

In this chapter, MEAPs have been successfully developed by combining
MPC and TPP electrodes, allowing for straightforward fabrication through
scalable screen-printing techniques. Following a comprehensive
examination, MEAPs have exhibited remarkable characteristics, including
exceptional stretchability exceeding 200%, outstanding repeatability with
over 28 reattachments, and favourable biocompatibility. Moreover, MEAPs
have demonstrated adequate permeability when affixed to the skin,
ensuring normal sweat evaporation and enhancing the overall comfort of
wear. Importantly, we have discovered that the permeability of MEAPs can
be tailored by adjusting the physical structure of the substrate, allowing for
personalized settings to accommodate individual preferences. These
combined attributes firmly establish MEAP as a dependable and long-

lasting wearable device.

Furthermore, in a comparative analysis with other arrays documented in
the literature, MEAP demonstrated superior adhesiveness and electrode
site size, two critical factors for ensuring the stability and resolution of high-
density recording. These findings firmly establish MEAP as a cutting-edge
advancement in the current landscape of sEMG arrays. Comparisons

between MEAP and CA, whether on muscle or muscle-tendon junction,
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consistently showed superior and more stable sEMG signal recordings by
MEAP than CA. Although they are both 100 um, the higher stretchability of
the materials used for MEAP gives the array better conformability on the

skin, leading to its superior performances.
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Chapter 5

Applications of MEAP

5.1 Introduction

Electrophysiological recordings, such as EEG, ECG and EMG, play a vital
role in clinical diagnosis and the management of conditions affecting the
brain, heart, nerves, and muscles'”>-'78_ In recent years, SEMG has gained
increasing importance in non-invasive diagnostics, treatment, daily health
monitoring, and human-machine interfaces, including machine control'”®-
183, This technology also finds valuable applications in sports and training.
Both amateur and professional athletes are susceptible to muscle strains
and tendon injuries during exercises and training, which relate to three
primary types of muscle contractions: isometric, concentric, and eccentric
contractions'®-187_ |sometric contractions occur when the muscle
generates tension without changing its length, often used for tasks like
maintaining posture. Concentric contractions involve muscle shortening as
it generates force, typical in movements like lifting weights. Eccentric
contractions, on the other hand, involve muscle lengthening while under
tension, often occurring during controlled lowering of a weight. Eccentric
contractions often pose a greater risk of causing muscle and tendon issues
compared to isometric or concentric contractions'®.187. This heightened
risk arises because eccentric contractions involve both force generation
and muscle lengthening simultaneously. This combination places

significant stress on both the muscle and the tendon, making them more
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susceptible to strain and injury.

To prevent such injuries, SEMG is a valuable tool as it provides quantitative
information such as RMS and median frequency, which are associated with
muscle loading and fatigue'8. High-density SEMG has been used to study
neuromuscular junctions, offering insights into muscle fatigue and pain'8%-
193, However, there is limited research on using SEMG techniques for
identifying tendon displacement during exercise. Therefore, a tool capable
of simultaneously assessing muscle loading, fatigue, and tendon
displacement would be highly valuable for injury prevention. In this context,
the MEAP holds significant promise in this regard, as it not only possesses
the basic recording capabilities of conventional sEMG electrodes but also
offers spatial information about muscles, potentially enabling the recording
of RMS patterns and tendon displacement. This chapter aims to validate
the ability of MEAP to capture RMS patterns and tendon displacement data.
Subsequently, MEAP will be applied to different subjects to provide

comprehensive muscle information for injury prevention.

5.2 MEAP for sEMG activation mapping

sEMG activation mapping is a powerful technique that enables the non-
invasive and real-time visualization of muscle activity patterns in the human
body. By strategically placing electrodes or array on the surface of the skin,
SEMG signals can provide valuable insights into the timing, intensity, and
coordination of muscle activation. This technology has wide-ranging

applications, from clinical diagnostics and rehabilitation to sports
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performance analysis and human-machine interface development. While
in this field, electrode resolution is a recurring challenge, often limiting the
ability to obtain high-resolution information. Traditional Ag/AgCl electrodes,
with surface areas typically ranging from 1 to 2 cm?, are commonly used to
ensure signal quality but fall short in achieving the desired spatial resolution
for recording activities in both small and large muscles. Ideal electrodes
should have dimensions smaller than 5 mm and maintain an inter-electrode
distance (IED) below 10 mm. TPP electrodes offer a solution to this
limitation, as they can be tailored to meet these optimal design criteria.
Furthermore, TPP technology allows for the fabrication of SEMG electrodes
in various dimensions and specific shapes to align with specific recording
requirements (Figure 5.2.1). This section focuses on evaluating the RMS
mapping capabilities of MEAP with two distinct designs tailored for the
biceps brachii (BB) and abductor pollicis brevis (APB) muscles, highlighting

the potential to enhance spatial resolution in SEMG recordings.

Figure 5.2.1 Comparison of surface areas of Ag/AgCl electrodes and
TPP electrodes. Scale bar: 1 cm.



138

5.2.1 Muscle activity map on biceps brachii

For BB assessment, a 24-channel MEAP was customized with a diameter
of 5 mm and an IED of 15 mm to ensure ample coverage of the BB muscle
area (Figure 5.2.2a). Following attachment to the skin, a systematic
labelling scheme employing alphabetical and numerical identifiers was
implemented for both columns and rows to facilitate clear distinction
between electrodes (Figure 5.2.2b). To activate the BB muscle, the subject
was instructed to perform biceps curls using a 4 kg dumbbell. This
standardized procedure allowed for consistent and targeted muscle

activation during the evaluation (Figure 5.2.2c).
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Figure 5.2.2 Experimental setup for sEMG activation mapping on BB.
a A photograph of MEAP for BB. Scale bar: 1 cm. b Configuration of MEAP
on BB. ¢ Contraction task for BB activation.

The sEMG data captured during the entire biceps curl, encompassing both
concentric and eccentric contractions, were visualized for each channel
based on their spatial arrangement (Figure 5.2.3). Notably, distinct
differences in the signals were readily discernible, confirming the absence
of signal loss or deficiency among any channels. Additionally, it was
evident that signals with higher amplitudes were concentrated in specific
regions (close to C5). This concentration primarily stemmed from the

proximity of these channels to the underlying muscle, as higher signal
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amplitudes typically indicate closer electrode proximity to the muscle fibres.
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Figure 5.2.3 sEMG recorded by each channel of MEAP on BB.

Apart from directly comparing sEMG signals, we also calculated the RMS
value for each channel at 0.125 s intervals to depict real-time changes in
muscle activity. These RMS values were used to construct activation maps,
revealing muscle activation patterns during a biceps curl, which we divided
into four distinct phases: "before curling" corresponding to the rest phase,
"curling beginning" and "full contraction" indicating concentric contraction,
and "after releasing" representing eccentric contraction (Figure 5.2.4).
Notably, no muscle activity was detected prior to the task. As the curling
motion started, activity was recorded across all electrode sites, with the
long head of the BB exhibiting greater activity compared to the short head.
When BB reached full contraction, muscle fibres shortened, and the muscle
belly shifted further from the distal end. This caused the active zone to shift

to the right in the muscle activity maps, resulting in increased activity. This
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phenomenon, where the muscle region exhibited higher activity while the
tendon region showed lower activity, corresponds to the spatial variation in
SNRs depicted in Figure 4.4.7. During eccentric contraction, as the subject
lowered the dumbbell back to the resting position, muscle activity
decreased compared to concentric contraction, and the active zone shifted
back towards the middle. The reduction in amplitude during eccentric
contraction aligns with observations in existing literature and can be
attributed to a decrease in the recruitment of motor units and lower firing
rate frequencies’*1%_ Additionally, the presence of elastic tissue within
the muscle plays a role. The resistance of the elastic component to
stretching during eccentric contractions leads to reduced force actively
generated by the contractile elements of muscle fibres, resulting in lower
electrical activity compared to other contraction types. The unique design
of our array allowed for effective monitoring of the entire muscle movement

process underneath.
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Figure 5.2.4 Muscle activity maps of sEMG recorded from BB,
showing the process of graded recruitment during contractions. The
left column is RMS values from each channel; the right column is 10th-
order interpolated results of each channel.

5.2.2 Muscle activity map on abductor pollicis brevis

For APB assessment, a 24-channel MEAP was customized with a diameter
of 1 mm and an IED of 5 mm to make a much finer recording configuration
than that on BB, given the APB is a much smaller muscle compared to
BB'97 (Figure 5.2.5a, b). Situated in the thenar eminence of the palm, APB

is responsible for the crucial movement of abduction, enabling the thumb
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to move away from the palm and oppose the other fingers. After attaching
the MEAP to the skin, each channel was appropriately labelled, similar to
the procedure for BB (Figure 5.2.5c¢). To activate the APB muscle, the
subject was instructed to move their thumb towards the base of the little

finger (Figure 5.2.5d).
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Figure 5.2.5 Experimental setup for sEMG activation mapping on APB.
a Photographs of MEAP for APB. Scale bar: 5 mm and 1 mm. b Schematic
drawings of the right hand, palmar view, with part of thenar muscles.
Adapted from PLoS One 12, (2017). ¢ Configuration of MEAP on APB. d
Contraction task for APB activation.

In terms of SEMG signals, each channel exhibited a satisfactory SNR that
allowed for the differentiation of the activated portion from the baseline
noise (Figure 5.2.6). However, it is apparent that most channels exhibited
a lower SNR when compared to the recordings made by MEAP on BB. This
decrease in SNR can be attributed to the smaller surface area of the
electrodes, which results in higher impedance between the electrodes and
the skin. Despite the SNR not being as optimal as in the previous BB

recordings, it is still possible to discern that the diagonal pattern from the
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top left to the bottom right displayed higher muscle activity.
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Figure 5.2.6 sEMG recorded by each channel of MEAP on BB.

In a similar manner, the entire task was segmented into four stages: pre-
contraction, initiation of contraction, during contraction, and post-
contraction. During recording on the APB, it becomes evident that the
recruitment pattern follows the diagonal layout of the MEAP, which aligns
with the physiological anatomical structure of the palm muscle (Figure
5.2.7). However, unlike the BB recordings, there was no observed shift in
the activation zone of the APB. This can be attributed to the fact that the
smaller muscle of the APB has limited spatial movement. It is also
conceivable that with even higher resolution in the MEAP, these subtle

positional changes in the muscle could be captured.
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Figure 5.2.7 Muscle activity maps of sEMG recorded from APB,
showing the process of graded recruitment during contractions. The
left column is RMS values from each channel; the right column is 10th-
order interpolated results of each channel.

In comparison to the BB recordings, the MEAP with smaller electrodes and
a shorter IED yielded lower activity but finer recruitment patterns in the APB.
These findings suggest that MEAPs with high spatial and time resolution
can accurately capture the recruitment and length changes in muscles
during contractions. Such tools hold significant potential for advancing
clinical diagnosis, medical treatment, and sports sciences, offering

substantial benefits in these domains.
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5.3 MEAP for muscle-tendon junction location

Muscle injuries often occur during exercises that involve excessive
stretching of the muscle and tendon. Currently, these injuries are typically
confirmed after the fact using magnetic resonance imaging or ultrasound
imaging to locate the muscle-tendon junction. Both of these instruments
are heavy and cumbersome to use, making it impossible to provide an
instant diagnosis, let alone real-time monitoring for injury prevention. In this
context, the ability of a tool to offer real-time information to individuals
during exercise, alerting them to excessive stretching and reducing the risk
of injury, is a significant advantage not provided by the two imaging
techniques mentioned above. Conventional Ag/AgCI electrodes lack the
spatial resolution needed to provide information about tendon position. In
contrast, high-density MEAP offers a clear distinction in mean frequencies
recorded from different channels, allowing for the detection of tendon
displacement and serving as a marker for actively monitoring tendon
position. This section will verify the capability of MEAP to monitor the
location of the muscle-tendon junction on the distal biceps tendon and

Achilles tendon, where two common muscle-tendon injuries occur.
5.3.1 Location of muscle-tendon junction on distal
biceps tendon
A distal biceps tendon tear is a relatively common musculoskeletal injury
characterized by the partial or complete tearing of the tendon that connects

the biceps muscle to the radius bone in the forearm. This injury typically

occurs in the lower part of the biceps muscle near the elbow joint. It can be
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caused by acute trauma, such as heavy lifting or a sudden force applied to
the arm, which are scenarios commonly encountered by exercisers.
Monitoring the condition of the distal biceps tendon in real-time could
provide valuable guidance and information to individuals engaged in

physical activities to help prevent injuries of this nature.

To monitor the location of the biceps distal tendon, the MEAP was
employed with a diameter of 5 mm and an IED of 15 mm, as it provides
sufficient coverage of the tendon (Figure 5.3.1a). To validate the capability
of MEAP for tendon monitoring, ultrasound imaging was used as a gold
standard reference. During this assessment, a representative subject (also
subject A in following tests) performed an isometric task with a 5 kg load at
a 90° angle in an isolated biceps curl, with the MEAP attached while
undergoing ultrasound imaging. The ultrasound image clearly depicted the
intersection of the two edges of the biceps brachii, extending to reveal the
distal biceps tendon (Figure 5.3.1b). This junction was used as a marker
for tendon movement. By analysing the ultrasound image, it was observed
that the positional difference of the muscle-tendon junction was
approximately 3.81 cm between flexion and extension (Figure 5.3.1b).
Simultaneously, the relative location of the MEAP was recorded on the skin

for further comparison.
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Figure 5.3.1 Location of distal biceps tendon by MEAP and ultrasound
image. a Schematic diagram of a MEAP on the biceps. The IED was 15
mm. Channel numbers (1 — 24) were ordered from left to right and from
bottom to top. b Ultrasound image of tendon displacement during the
isometric task with load of 5 kg and MEAP relative position on the skin.
Scale bar: 1 cm. B: biceps brachii; T: biceps distal tendon.

Before analysing the sEMG signals collected by MEAP, it is important to
address the selection of columns for analysis. Given the interest in studying
the longitudinal change of the tendon, the columns of MEAP were focused
on, which run parallel to the tendon direction, for further processing. While
distinguishing the ends close to the muscle and tendon is relatively
straightforward in the longitudinal direction (row selection), the horizontal
direction (column selection) presented a choice, as each MEAP had four
columns of channels, usually with two middle columns both on the muscle.
To make an informed decision, we relied on the RMS results obtained from
each channel recorded by MEAPs (Figure 5.3.2). The results revealed that
channels 17 and 21 consistently exhibited the highest RMS values across

various tasks with different loads. This indicates that the first column is
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closest to the muscle belly of the biceps brachii and, as such, was selected

for monitoring the muscle-tendon junction location.

&EESEE

w7 [ 18 [ 1@ [ 2 | 21 | 22 | = | 24 |
Channels Channels

Figure 5.3.2 The selection of column of the MEAP on the biceps
brachii of subject A. a A photograph of the subject A during the task. b, ¢
The RMS values of each channel in the row 5 and 6, respectively, which
are closest to the muscle belly of the biceps brachii.

When calculating the mean frequencies of SEMG signals recorded by each
channel within the same column, a clear pattern emerged: the values
ascended sequentially from the channel positioned near the muscle to the
one near the tendon (Figure 5.3.3a). While this order remained consistent,
the magnitude of the differences between each value changed during
flexion and extension movements. To emphasize this difference, all
channels were normalized based on the first and last channels, which were
consistently positioned on the tendon and muscle, respectively. During the
isometric task, the channels in between exhibited noticeable differences
between flexion and extension (Figure 5.3.3b). Upon analysing the results
of the ultrasound image, it was found that the junction location consistently
approached a value of 0.5 after normalization. Therefore, we defined the
channel with a value of 0.5 as the suitable marker for the muscle-tendon
junction position, a finding further corroborated by palpation of the biceps

brachii.
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Here are the detailed calculations and standards, using the mean

frequencies recorded by the first column as an example:

mq, Mg, Mg, Mq3,My7, Myq.

According to the discussion with Figure 5.3.3b, it was found they were in

descending order that

Then the normalization can be expressed as

_ _ M5 — My _ Mg =My,
n,=1,ns = ,Ng = ,
m; — My, m; — My,
n _m13_m21n _m17_m21n —0
3= M7 =—_—_——,Nz1 =
my; —my; my —my; ’

When n; > 0.5, the channel i was considered on tendon part; when n; =
0.5, the channel i was considered on muscle-tendon junction; when n; <
0.5, the channel i was considered on muscle part. Usually, 0.5 is between
n; and n;,,, while a linear fitting is used to determine the junction location

between the two certain channels.

To further validate the consistent recording capability of the MEAP in
identifying junction positions, recordings were conducted on five different
subjects using a total of 15 MEAPs (Figure 5.3.3c). Importantly, all MEAPs
were fabricated following the same procedure but from distinct batches,
and subjects were recruited randomly to ensure a randomized approach.
Based on the previously established calculations and standards, it is

essential to note that the focus of MEAP lies in determining the relative
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position of the muscle-tendon junction under the array cover. Consequently,
MEAPs were consistently positioned on the biceps brachii muscles of all
subjects to ensure comparable junction locations. Several key
observations reinforced our findings: 1. Mean frequencies recorded from
channels 1 and 21 consistently reflected muscle and tendon regions, with
channel 1 typically displaying the highest values and channel 21 the lowest
across various subjects. 2. Mean frequencies consistently followed an
ascending order from the channel positioned near the muscle to the one
near the tendon, across different subjects. 3. Differences between each
channel exhibited distinct patterns during both flexion and extension
movements. These findings not only reaffirmed the calculations and
standards established before but also demonstrated that they can be
applied universally. Moreover, the mean frequency patterns for each
channel consistently reflected the difference between flexion and extension,
underscoring the reliable recording capabilities of MEAP in locating
muscle-tendon junction positions. The calculation method was also refined
to minimize the impact of skin deformation, a topic that will be discussed in

greater detail in Chapter 7.
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Figure 5.3.3 Location of distal biceps tendon in isometric task. a Mean
frequencies of the sEMG signals from the biceps brachii of the
representative subject during the isometric task. b The normalised mean
frequencies for each channel during flexion and extension by the
representative subject in isometric task. ¢ The normalised mean frequency
data in multiple subjects. All statistical experiments were conducted with
the 3 repeated isometric or dynamic tasks performed by 5 subjects (n=15,
different MEAPs used); data are presented as mean values + SD. a.u. =
arbitrary units.

In addition to isometric tasks, real-time monitoring of tendons during
dynamic tasks holds more significant value, as most muscle injuries occur
in such situations. Following the rules and calculations established during
isometric tasks, the mean frequencies of SEMG signals from each channel
were normalized over a time domain (Figure 5.3.4a). It was evident that the
normalized values of channels in between initially increased and then
decreased over a 10-second duration, corresponding to a biceps curl with
5 seconds of concentric contraction followed by 5 seconds of eccentric
contraction. By using 0.5 as the marker for the muscle-tendon junction, the

displacement of the junction was continuously monitored throughout the



152

dynamic biceps curl task. Similarly, the results from different subjects were
averaged to demonstrate the capability of MEAP to monitor tendon

movement across different individuals (Figure 5.3.4b).
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Figure 5.3.4 Location of distal biceps tendon in dynamic task. a
Normalised values of mean frequencies of the EMG signals recorded from
the biceps brachii of a representative subject during the dynamic task. b
Real-time junction displacement in multiple subjects after calculation
according to the rules founded in isometric task. All displacements
represent the distance between the first channel position and the junction
position; all statistical experiments were conducted with the 3 repeated
isometric or dynamic tasks performed by 5 subjects (n=15, different
MEAPs used); data are presented as mean values + SD. a.u. = arbitrary
units.

This section has established the rule for locating the muscle-tendon
junction by mean frequencies, with reference to ultrasound images. The
MEAP has effectively monitored the muscle-tendon junction location during
isometric tasks and tracked its movements during dynamic tasks,

demonstrating its consistency across different subjects.

5.3.2 Location of muscle-tendon junction on Achilles

tendon with 10 mm-IED MEAP

Achilles tendon tear refers to the partial or complete rupture of the Achilles
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tendon, the largest and strongest tendon in the human body. This tendon,
situated at the back of the lower leg, connects the calf muscles to the heel
bone, enabling crucial functions like walking, running, and jumping. This
injury frequently results from sudden and forceful movements, such as
pushing off to sprint or making abrupt changes in direction, which are
commonly encountered in sports like basketball, football, or tennis.
Therefore, it is of great significance to investigate the feasibility of

monitoring Achilles tendon movements using MEAP.

Initially, the movement range of the Achilles tendon was not well-defined.
Therefore, a 24-row MEAP with an IED of 10 mm was utilized to establish
a preliminary estimate of the movement range of the tendon. This particular
MEAP configuration effectively covered a substantial area of the
gastrocnemius and Achilles tendon (Figure 5.3.5a, b). During the
experiment, the subject was instructed to isometrically contract the
gastrocnemius muscle while positioned on a step, causing various degrees
of tendon stretching. These states were categorized into three distinct

phases: Flexion, Neutral, and Extension (Figure 5.3.5c).
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Figure 5.3.5 Location of Achilles tendon by MEAP with IED of 10 mm.
a A photograph of the MEAP attached on the gastrocnemius and Achilles
tendon. b Schematic diagram of configuration of MEAP on the
gastrocnemius and Achilles tendon. Channel numbers (1 — 24) were
ordered from bottom to top. ¢ Isometric tasks on a step.

In contrast to the 6-channel design used for biceps monitoring with MEAP,
the 24-channel configuration employed for Achilles tendon analysis
provided higher resolution for identifying tendon movements. The
fundamental rule established in the previous section remained applicable:
channels positioned near the tendon exhibited high mean frequencies,
while those near the muscle region displayed lower mean frequencies. This
characteristic is clearly depicted in the plot of normalized values (Figure
5.3.6a). By maintaining 0.5 as the marker for the muscle-tendon junction,
it became evident that the position of the junction differed across various
isometric tasks. The junction displacements, which represent the distance
between the junction and the first MEAP channel, were measured at 10.96,
8.74, and 7.53 cm for the Flexion, Neutral, and Extension, respectively
(Figure 5.3.6b). These values closely matched the palpation results

obtained from the representative subject. Once again, MEAPs were
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attached to similar locations on the Achilles tendon in multiple subjects to
determine junction locations. The results reaffirmed the consistent ability
of the MEAP to monitor tendon movements, even across different

individuals and muscle groups (Figure 5.3.6¢).
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Figure 5.3.6 Location of Achille tendon by MEAP with IED of 10 mm in
isometric task. a Normalised values of mean frequencies of the EMG
signals from the gastrocnemius and Achilles tendon of a representative
subject during different isometric tasks. b Corresponding displacements
between different isometric tasks. ¢ The normalised mean frequency data
in multiple subjects. All displacements represent the distance between the
first channel position and the junction position; all statistical experiments
were conducted with the 3 repeated isometric or dynamic tasks performed
by 5 subjects (n=15, different MEAPs used); data are presented as mean
values £ SD. a.u. = arbitrary units.

In the dynamic task involving the transition from Neutral to Flexion and then
to Extension while on a step, multiple subjects participated. To enhance
comprehension, the normalized values of mean frequencies in the time

domain from a representative subject were presented. It was observed that
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only 4 channels engaged in identifying the junction location because their
values closely approximated 0.5 during some stages of the entire task
(Figure 5.3.7a). Conversely, all other channels consistently exhibited
normalized values either greater than or less than 0.5, and thus, they were
not included in the calculation. These four channels effectively delineated
the primary movement range of the muscle-tendon junction location in the
lower leg. Once more, the MEAP effectively delivered real-time tendon

monitoring results across different subjects (Figure 5.3.7b).
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Figure 5.3.7 Location of Achille tendon by MEAP with IED of 10 mm in
dynamic task. a Normalised values of mean frequencies of the EMG
signals recorded from the gastrocnemius and Achilles tendon of a
representative subject during the dynamic task b Average results of real-
time junction displacement in multiple subjects. All displacements
represent the distance between the first channel position and the junction
position; all statistical experiments were conducted with the 3 repeated
isometric or dynamic tasks performed by 5 subjects (n=15, different
MEAPs used); data are presented as mean values + SD. a.u. = arbitrary
units.

This section utilized a 24-channel MEAP to monitor the Achilles tendon,
confirming the rules established based on the distal biceps tendon location
findings. The 24-channel MEAP column demonstrated greater resolution

compared to the one used for the biceps brachii, effectively capturing real-
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time information about tendon position.

5.3.3 Location of muscle-tendon junction on Achilles

tendon with 6 mm-IED MEAP

Once the movement range of the junction was identified, a MEAP with a
shorter IED of 6 mm was employed to enhance the precision of the location
(Figure 5.3.8a, b). A smaller IED made it easier to distinguish the muscle-
tendon junction between each pair of adjacent channels. In this round of
isometric tasks, the exercises were conducted on the ground, and the
Neutral phase was replaced with two new categories: Semi-flexion and
Semi-extension (Figure 5.3.8c). Each posture involves a different degree
of muscle contraction and, consequently, a distinct muscle-tendon junction
position. This modification was made to evaluate whether the MEAP with
a IED of 6 mm could effectively distinguish between these postures, even

though they exhibit reduced variation.
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Figure 5.3.8 Location of Achilles tendon by MEAP with IED of 6 mm.
a A photograph of the MEAP attached on the gastrocnemius and Achilles
tendon. b Schematic diagram of configuration of MEAP on the
gastrocnemius and Achilles tendon. Channel numbers (1 — 24) were
ordered from bottom to top. ¢ Isometric tasks on the ground.
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Utilizing the smaller IED, tendon stretch was evaluated in four lower leg
positions on flat ground during the isometric task. The outcomes revealed
that the junction location in each isometric task could be discerned (Figure
5.3.9a). The displacements of tendon were 6.23, 5.82, 5.32 and 4.17 cm
for four lower leg positions, respectively (Figure 5.3.9b). This demonstrates
that MEAP is proficient in monitoring junction displacement across various
tasks and scenarios. Once again, the results from different subjects

confirmed the effectiveness of MEAP in locating tendons (Figure 5.3.9c).
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Figure 5.3.9 Location of Achille tendon by MEAP with IED of 6 mm in
isometric task. a Normalised values of mean frequencies of the EMG
signals from the gastrocnemius and Achilles tendon of a representative
subject during different isometric tasks. b Corresponding displacements
between different isometric tasks. ¢ The normalised mean frequency data
in multiple subjects. All displacements represent the distance between the
first channel position and the junction position; all statistical experiments
were conducted with the 3 repeated isometric or dynamic tasks performed
by 5 subjects (n=15, different MEAPs used); data are presented as mean
values + SD. a.u. = arbitrary units.
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During the dynamic task transitioning from plantarflexion to dorsiflexion on
the step, the changes in normalized values of mean frequencies for each
channel were displayed over time. It was observed that eight channels
were involved in the junction location when using the MEAP with an IED of
6 mm, which was more than with the MEAP with an IED of 10 mm (Figure
5.3.10a). This aligns with the previously hypothesized idea that a MEAP
with a lower IED can achieve higher resolution in tendon movements. This
is because, for a similar distance of tendon movement, the smaller |IED
divides the distance into more segments, thus enhancing location precision.
The entire process of the dynamic task transitioning from plantarflexion to
dorsiflexion was monitored, with the final tendon movement being

approximately 3 cm (Figure 5.3.10b).
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Figure 5.3.10 Location of Achille tendon by MEAP with IED of 6 mm in
dynamic task. a Normalised values of mean frequencies of the EMG
signals recorded from the gastrocnemius and Achilles tendon of a
representative subject during the dynamic task b Average results of real-
time junction displacement in multiple subjects. All displacements
represent the distance between the first channel position and the junction
position; all statistical experiments were conducted with the 3 repeated
isometric or dynamic tasks performed by 5 subjects (n=15, different
MEAPs used); data are presented as mean values + SD. a.u. = arbitrary
units.
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This section demonstrates that the precision of tendon location can be
enhanced by adjusting the resolution of the MEAP. This opens up the
potential for improved monitoring of tendons and muscles, which is crucial

for personalized monitoring and diagnostics.

5.4 MEAP for muscle injury prevention

The dumbbell biceps curl is a widely practiced exercise for strengthening
the biceps brachii muscle, but it carries the potential risk of muscle injuries
if done with incorrect loading or excessive training (Figure 5.4.1a, b). In
such cases, MEAP emerges as the most suitable tool to offer professional
guidance to exercisers. MEAP utilizes sEMG signals to derive key
parameters such as RMS, median frequencies, and mean frequencies,
which correspond to muscle loading, muscle fatigue, and tendon
displacement, respectively. All these information provide comprehensive
insights into muscle activity, aiding in injury prevention and exercise
optimization%8. This injury prevention system utilizing MEAP is depicted in
a diagram, highlighting its foundation on objective quantitative analysis of
SsEMG signals. This analysis allows for the creation of customized
approaches tailored to the specific needs of individuals, encompassing
both injury prevention and exercise enhancement strategies (Figure

5.4.1c).
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Figure 5.4.1 High-density sEMG recording by MEAP for muscle injury
prevention. a A photograph of a biceps curl. b A risk schematic of biceps
curl. ¢ Diagram of the injury prevention system components.

To evaluate the capability of MEAP to provide multiplexed information,
SEMG recordings were conducted on the biceps muscles of five subjects
in five different sessions, with loads ranging from 1 kg to 5 kg (Figure 5.4.2a,
b). Each session comprised three phases: an isometric task, a resting
period, and a dynamic task involving 10 biceps curls, all aimed at acquiring
comprehensive muscle-related data. As an illustrative example using
subject A, the analysis focused on nine channels selected based on RMS
results, with Channel 21 exhibiting the highest RMS value, indicating its
proximity to the muscle (Figure 5.4.2c). The row and column corresponding
to this channel were chosen for further analysis. The data from subject A

will be analysed first in this section as a representative example, and
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statistics across multiple subjects will be presented to verify the stability

and reliability of MEAP for different individuals.
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Figure 5.4.2 Experiment design for injury prevention. a Photographs of
a session including isometric and dynamic tasks. b Photographs of channel
sites of MEAP and different loads. ¢ Three phases (isometric task, rest and
dynamic task) in one session. sEMG signals were recorded from subject A

during the session of 5 kg.
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5.4.1 Muscle loading and fatigue of subject A

Before data analysis, it is necessary to provide an overview of the overall
signal quality. For subject A, the results indicate that all channels
successfully recorded sEMG signals during both isometric and dynamic
tasks (Figure 5.4.3). Differences between each load, with higher sEMG
amplitudes observed with heavier loads, can be distinguished due to the
excellent SNR, Additionally, it can be observed that during the 30-second
isometric tasks, some channels in the 5 kg session showed a noticeable
increase in sEMG signal amplitude. However, this phenomenon was not
as pronounced in sessions with lower loads. This increase in amplitude is
likely due to muscle fatigue, which can result in higher sEMG signal
amplitudes'®®. The high-quality SEMG recording by MEAP contributes to
the ability to observe such changes, confirming the feasibility of MEAP

again.
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Figure 5.4.3 sEMG signals of biceps brachii of subject A with five
different loads recorded by MEAP.

The seEMG signals contain multiplexed information and among them, the
RMS, which directly reflects muscle activity, was the first parameter studied.
The RMS values in isometric tasks across all channels in the first column

for different sessions were summarized (Figure 5.4.4a). It is evident that
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higher loads result in higher RMS values in the SEMG signals,
demonstrating that MEAP successfully recorded muscle activity under
varying loads. This observation opens up significant potential applications,
such as using RMS values to estimate or infer muscle loads or force
generation. These applications could be relevant in fields like prosthetics
or human-machine interfaces, which will be discussed in Chapter 7.
Another noteworthy finding is that within the same session, different
channels exhibited varying RMS values. Channels 13, 17, and 21
consistently showed higher RMS values, with more significant differences
between them, while channels 1, 5, and 9 consistently showed lower RMS
values, with smaller differences between them. These two groups of
channels corresponded to the muscle and tendon regions of the biceps
brachii, respectively. This observation aligns with the spatial patterns of

muscle activation discussed in Chapter 5.2.

For dynamic tasks, the highest RMS value during each biceps curl was
recorded and compared (Figure 5.4.4b). The same pattern emerged, with
higher loads resulting in higher RMS values. It is worth noting that in the
high-load sessions (4 & 5 kg), RMS values exhibited a noticeable increase
during the last few curls. This increase is indicative of muscle fatigue, which
aligns with previous observations in sEMG signals®®. These findings
collectively demonstrate that MEAP can effectively detect muscle loading

in both isometric and dynamic scenarios.
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Figure 5.4.4 RMS values of sEMG signals of subject A. a RMS values
recorded by selected channels in the isometric task (n = 54 RMS values
per channel). b RMS values recorded by selected channels in the dynamic
task. The box plots show the mean (centre square), median (centre line),
the 25th to 75th percentiles (box) and the smallest and largest value that is
< 1.5 times the interquartile range (the limits of the lower and upper
whiskers, respectively).

Furthermore, the study also delved into assessing muscle fatigue using
MEAP. Aside from RMS, the median frequency is a common metric for
detecting fatigue. A decrease in median frequency is considered a strong
indicator of muscle fatigue, and the slope value of the linear fit of the
median frequency is often used for assessment. The slope values were
calculated for the isometric task across different sessions (Figure 5.4.5a).
The results revealed that for low loads, the slope values were mostly
positive, indicating no significant decrease in median frequency and
suggesting that muscle fatigue was not evident. However, in high-load
sessions (4 & 5 kg), the slope values from all channels were negative,
signifying muscle fatigue. This finding provided a rough range for subject
A to determine when he was likely to experience muscle fatigue for a
specific task. Similarly, in dynamic tasks, the median frequency exhibited

a noticeable decrease during the last few curls when loads exceeded 3 kg
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(Figure 5.4.5b). The fatigue thresholds of subject A were determined to be
4 kg for the isometric task and 3 kg for the dynamic task. It is important to
note that these thresholds may vary depending on task duration and
experimental design, considering that the dynamic task followed the
isometric task and lasted longer. These fatigue measures offer subjects a
more objective way to gauge their exercise intensity rather than relying

solely on subjective feelings.
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Figure 5.4.5 Median frequency details of sEMG signals recorded by
MEAPs of subject A. a Linear fit slopes for median frequencies in the
isometric task. b Changes of median frequencies in the dynamic task.

In addition to the selected channels, RMS and median frequency
recordings from all channels in the 5 kg session were provided to
demonstrate the reliability of MEAP across all channels (Figure 5.4.6).
These recordings exhibited similar patterns to those observed earlier, such
as the channel located closer to the muscle having higher RMS values.
When it comes to fatigue measures, only higher loads resulted in negative
slope values, indicating fatigue. These results illustrate that all channels in
MEAPs vyield consistent findings and conclusions regarding muscle

condition. However, the precision or resolution of the results tends to be
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highest in the specific column closest to the muscle region.
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Figure 5.4.6 Summary of RMS and fatigue information of subject A. a
SEMG signals recorded by all 24 channels with load of 5 kg. b-e RMS
values of sSEMG signals recorded by each column with load of 5 kg. f Slope
values of the linear fitting of the sEMG median frequencies during the
isometric task recorded by all 24 channels with different loads.

5.4.2 Location of muscle-tendon junction of subject A

Using the established rules from Chapter 5.3, determining tendon positions

became a straightforward process, given the comparability of tasks. It was

consistently observed that regardless of the load session, the mean

frequency from channels located in the muscle region was consistently

lower than that from channels in the tendon region (Figure 5.4.7a).
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Relationships between mean frequency and tendon displacement under
different loading conditions were identified. Notably, the displacements
increased with higher loads because greater loads induced more
contraction of the biceps, resulting in more tendon elongation compared to
lower loads, even when the flexion angles remained the same across all
isometric tasks. After performing repetitive tasks to reduce errors, the
tendon displacement for each load session was determined, with mean

values ranging from 3.74 to 4.50 cm (Figure 5.4.7b).
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Figure 5.4.7 Muscle-tendon junction location of subject A in isometric
task. a Plot of normalised value of mean frequencies among 6 channels.
b Plot of tendon displacements (n=3 repetitive tasks for each
measurement).

In the dynamic tasks, the mean frequencies of all channels in column 1
with a 5 kg load were normalized as a representative result, and the traces
were smoothed to enhance clarity. It is evident that, apart from two
channels at the two ends, the values of the channels in between increased
during flexion, approaching the tendon range, and decreased with
extension, for a total of ten cycles (Figure 5.4.8a). By employing the same

determination strategy as in the isometric task, we successfully identified
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the real-time movement of the muscle-tendon junction during the dynamic
task. It was observed that during the initial curls, the tendon exhibited
relatively stable movement. However, during the final few curls, the tendon
displayed larger movements. It was speculated that this phenomenon is
related to muscle fatigue. Considering that the biceps brachii must
generate a similar force in each biceps curl to lift the dumbbell, the tendon
may engage more as an elastic tissue to assist, especially when the muscle

cannot produce the same force level due to fatigue.
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Figure 5.4.8 Muscle-tendon junction location of subject A in dynamic
task. a Plot of normalised values of mean frequencies among 6 channels.
b Plot of real-time monitoring of the tendon displacement in the dynamic
task.

Further data analysis was conducted to explore the optimization of tendon
range identification and statistical performance between different channels.
For example, columns 1 and 2 exhibited the same trend in the ascending
order of mean frequencies among channels. The rapid increase in mean
frequencies in channels 1, 5, and 2, 6 during muscle extension was the
primary reason we found the feasibility of mean frequency as a measure
to identify the tendon range (Figure 5.4.9a, b). Although both columns 1

and 2 showed this trend, it is evident that column 1 displayed a larger
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difference than column 2. Considering that column 1 is closest to the
muscle (with the highest RMS), we ultimately decided to use the column
with the highest RMS as the final column to identify the tendon location. In
column 1, the majority of values of channel 21 were normalized to 0, and
the majority of values of channel 1 were normalized to 1, while the values
of channels 17, 13, 9, and 5 appeared in ascending order within the 0~1
range. In fact, the errors seemed to be less in column 1, as nearly all
channel 21 values showed the lowest mean frequency values (Figure
5.4.9¢). In contrast, in column 2, the range of channel 22 exhibited larger
variability (Figure 5.4.9d). This observation may also be attributed to the
anatomical shape of the muscle itself, specifically that channel 22 is

positioned farther from the muscle belly.
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Figure 5.4.9 Mean frequencies of sEMG signals of subject A with load
of 5 kg recorded by MEAP and their normalised values. a, b Mean
frequencies of channels in 15t and 2" column. Difference in mean
frequencies was most obvious when the subject performed full extension
during dynamic tasks ¢, d Normalised values of mean frequencies during
dynamic tasks.
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To explore the correlation between each channel, a scatter plot matrix with
Pearson’s r value was employed for assessment. In this matrix, each
variable, represented by mean frequency from each channel in this case,
is plotted against every other variable in the dataset, resulting in a grid of
scatterplots. The Pearson’s r value quantifies the strength and direction of
the linear relationship between two variables, ranging from -1 (perfect
negative correlation) to 1 (perfect positive correlation), with 0 indicating no
linear correlation. This is a useful measure to assess the strength of
correlations because higher absolute values of r indicate stronger
correlations, providing a quantitative measure of the strength of the

relationships.

In the isometric task, it was observed that every adjacent pair of channels
had an r value over 0.9, indicating a strong correlation (Figure 5.4.10). This
is natural because they are spatially close to each other and are more likely
to be affected by the same region of the muscle. The r value decreased as
the distance between channels increased. Two conclusions can be derived
from this analysis: 1. Each TPP electrode showed similar and stable
recording performances because high correlations could only be achieved
when the electrode consistently recorded data; 2. The array design allowed
MEAP to capture unique information from different areas of the muscle, as
evidenced by the lower r values for more distant channels. These two rules
not only demonstrate the reliability of TPP electrodes but also illustrate the

wide range of applications for MEAP.
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Figure 5.4.10 Scatter plot matrix of mean frequencies recorded in the
6 channels of column 1 of subject A during the isometric task.

Similar results were also observed in the dynamic task, and the two rules
identified previously remain applicable (Figure 5.4.11). Another interesting
phenomenon is that the r values between channels 1 and 5 are typically
lower than those between channels 17 and 21, which corresponds to the
correlation between the tendon region being lower than that of the muscle
region. This difference is likely due to the mean frequency being primarily
determined by sEMG signals from the muscle. Compared to the isometric
task, the dynamic task exhibited higher variability in sEMG signal patterns.
This increased variability was further amplified in the tendon region
because the information recorded by the channels there was much less

influenced by muscles. The unique behaviour of the tendon during dynamic
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tasks may also contribute to the differences in r values between the tendon
and muscle regions. Overall, these factors combine to explain the
variations in correlation values between the tendon and muscle regions in

dynamic tasks.
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Figure 5.4.11 Scatter plot matrix of mean frequencies recorded in 6
channels of column 1 of subject A during the dynamic task.

Statistical analysis was conducted to examine the differences in mean
frequencies recorded by each channel. Columns 1 and 2 were selected for
comparison during the flexion by subject A (Figure 5.4.12). It was observed
that in each column, when using the most proximal channels (channel 21
and 22) as controls, the distal channels exhibited significant differences. In

such instances, muscle-tendon junctions should be longitudinally
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distinguished between channel 17 and 13 (or channel 18 and 14). However,
there was no noticeable difference between different load conditions,
indicating that this measure may not be as precise as the normalized
measure employed previously. Additionally, it was observed that some
channels in column 2 did not show as significant differences as those in
column 1. This reaffirms that the column closest to the muscle region,

which is column 1 in this case, should be used for muscle-tendon junction
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Figure 5.4.12 Statistical analysis of the differences in mean
frequencies among different channels during full flexions by subject
A. n=10 samples for each measurement. one-sided t test, *p < 0.05; **p <
0.01.

A similar comparison was conducted during the extension phase by subject

A (Figure 5.4.13). Comparable conclusions were reached, albeit with a

difference in position: In each column, when using the most proximal
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channels (channel 21 and 22) as controls, the distal channels all exhibited
significant differences. In such instances, muscle-tendon junctions should
be longitudinally distinguished around channel 9 (or between channel 10

and 6), which are closer to the elbow compared to full flexions.
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Figure 5.4.13 Statistical analysis of the differences in mean
frequencies among different channels during full extensions by
subject A. n=10 samples for each measurement. one-sided t test, *p <
0.05; **p < 0.01.

5.4.3 Muscle injury index

The results obtained in the previous two sections demonstrate that MEAP
can provide quantitative measures such as RMS and median frequencies
to help exercisers assess muscle loading and fatigue. It can also serve as
a warning system, alerting exercisers to high tendon displacements during

eccentric contractions to prevent injuries. To provide a more
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comprehensive assessment of injury risk, we have combined RMS, fatigue
slope values, and tendon displacement into a muscle injury index (Figure
5.4.14). Due to the distinct nature of isometric and dynamic tasks, the
muscle injury index has been divided into two groups. RMS values were
normalized based on the results obtained with a 1 kg load to create a
universal frame for all exercisers. When a tendon experiences a strain of
8~10%, it is at a high risk of tearing'®>2%". Consequently, this high-risk
scenario is depicted as the red range in the muscle injury index. The other
three ranges should be determined individually by exercisers under
professional guidance. In the case of subject A, the loads were categorized
as safe (< 3 kg), effective (3-5 kg), and vulnerable (>5 kg) based on the

previous experiences of the subject.
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Vulnerable training
| Tendon rupture
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Figure 5.4.14 A visual representation of the potential for muscle injury
index, generated based on the assessments made using the MEAP.

The assessment is presented as a unified model using the measures
obtained from Figure 5.4.3-5.4.13.

5.4.4 Statistics across different subjects

Following the successful completion of a customized injury prevention plan

for subject A, it was crucial to confirm that MEAP had the ability to provide
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similar evaluations for other individuals. In this context, the data was
statistically analysed to ensure that each channel on the MEAP recorded
distinct sEMG information from the muscle. It is important to note that RMS
amplitudes can vary significantly among individuals even when performing
the same task with the same recording conditions. To address this, all RMS
data was normalized based on the respective highest values for
comparison. Efforts were made to ensure that the MEAP was attached o
comparable positions on each individual, as variations in attachment could
lead to significant differences in results across subjects, particularly

concerning muscle-tendon location.

Upon attaching the MEAP with channel 21 closest to the muscle region,
consistent activation patterns were observed in the biceps muscle across
five different subjects (Figure 5.4.15a). RMS values exhibited a decrease
both along the longitudinal and horizontal directions. When using channel
21 as the control, all channels except 22 showed significant differences.
The similarity observed between channels 21 and 22 might be attributed to
errors in attachment or differences in individual sizes. While the structure
and configuration of all MEAPs are consistent, individuals with larger
biceps brachii may have two channels attached to the most activated
region of the muscle, while those with smaller biceps brachii may have only
one channel in that position. This underscores the importance of

customized analysis for each subject due to individual variations.

Furthermore, it is worth noting that the variability of data increases as the

distance between the recording channel and the control channel grows, as
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indicated by the distributions (Figure 5.4.15b). This phenomenon can be
primarily attributed to variations in muscle length among subjects. With the
same |ED, the channel on the distal end of the MEAP for subjects with
smaller muscles may be farther from the muscle region than in subjects
with larger muscles. These results affirm that each channel on the MEAP
recorded distinct SEMG information from the muscle, demonstrating the

consistent recording performance of MEAP across different individuals.
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Figure 5.4.15 The Gardner-Altman of sEMG signals recorded by MEAP
on different subjects. a The swarm plot of all RMS values of sEMG
signals captured by MEAPs (n=15, 3 repeated isometric tasks performed
by 5 subjects, different MEAPs used. The RMS values are normalised to
their respective maximum values, and channel 21 (control) is compared
with others. Significance was determined by one-side t test (*P< 0.05; **P<
0.01; ***P< 0.001; ****P< 0.0001). b The mean difference plot of RMS
values recorded by each channel, with mean presented as red dots, 0.95
confidence interval presented as red line, and Kernel Smooth used for
distributions.

All results recorded from subjects B and C were summarized. Every rule
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established previously in subject A was found to be applicable for subjects
B and C as well. In the case of subject B, column 2 was selected as the
one closest to the muscle region (Figure 5.4.16). The rapid increase in
dynamic tasks exhibited a clear signal for muscle fatigue, which was also
confirmed by median frequency results, indicating that subject B
experienced muscle fatigue when the load exceeded 2 kg. The
displacement of the tendon in the isometric task was also measured,

ranging from 3.64 to 4.55 cm.

For subject C, column 2 was also selected as the one closest to the muscle
region (Figure 5.4.17). The rapid increase in dynamic tasks revealed a
clear signal for muscle fatigue, which was further confirmed by median
frequency results, showing that subject C experienced muscle fatigue
when the load exceeded 3 kg. The displacement of the tendon in the
isometric task was also measured, ranging from 3.50 to 4.49 cm. Notably,
the tendon displacement for 1 kg was greater than for 2 kg, which might be
influenced by the inadequate accuracy or completeness of the task

performed by subject C.

These results serve as clear evidence that MEAP successfully provided
information about muscle loading, muscle fatigue, and tendon
displacement for the other subjects, thus confirming the stable and reliable

recording capability of MEAP across all individuals.
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Figure 5.4.16 Results of muscle information recorded by MEAP of the
task carried by subject B. a A photograph of subject B during the task. b
RMS results of channels in the last row which is closest to the muscle belly
of the biceps brachii. Channel 22 showed the highest RMS value, which
therefore, made the second column be selected for identification of
different muscle information. ¢, d RMS values of sEMG signals in isometric
task and in dynamic task, respectively. e, f Median frequencies of sEMG
signals in isometric task and in dynamic task, respectively. g, h Plots of
normalised value of mean frequencies among 6 channels and tendon
displacements in the isometric task.
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Figure 5.4.17 Results of muscle information recorded by MEAP of the
task carried by subject C. a A photograph of subject C during the task. b
RMS results of channels in the last row which is closest to the muscle belly
of the biceps brachii. Channel 22 showed the highest RMS value, which
therefore, made the second column be selected for identification of
different muscle information. ¢, d RMS values of sEMG signals in isometric
task and in dynamic task, respectively. e, f Median frequencies of sEMG
signals in isometric task and in dynamic task, respectively. g, h Plots of
normalised value of mean frequencies among 6 channels and tendon
displacements in the isometric task.
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5.5 Conclusions

By applying MEAPs to biceps brachii and abductor pollicis brevis, it has
been demonstrated that MEAPs with high spatial and temporal resolution
can accurately capture muscle recruitment and length changes during
contractions. This capability has a wide range of applications, from clinical
diagnostics and rehabilitation to sports performance analysis and human-

machine interface development.

Additionally, by applying MEAPs to the biceps distal tendon and Achilles
tendon, it has been shown that MEAP can monitor muscle-tendon junction
locations in real-time during isometric and dynamic tasks, across different
muscles. This capability is crucial for controlling tendon stretch within a

safe range during exercise, reducing the risk of injury for exercisers.

Furthermore, based on the ability to obtain information about muscle
loading, fatigue, and muscle-tendon junctions, MEAP can generate a
muscle injury index for exercise guidance, improving training effectiveness
and injury prevention. Its consistent recording performance across different
subjects enhances its potential for future commercialization, making MEAP

a valuable tool for promoting the widespread use of SEMG technology.
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Chapter 6

Use of MEAP for electrodiagnostic

6.1 Introduction

Electrodiagnostic is a specialized medical field dedicated to assessing the
electrical activity of muscles and nerves within the human body. These
diagnostic tests are crucial for evaluating the health, integrity, and function
of the neuromuscular system. Electrodiagnostic studies play a key role in
diagnosing and monitoring various neurological and neuromuscular

conditions.

The primary objective of an electrodiagnostic study is to localize the
disorder. In most cases, the initial step in localization involves identifying
the nature of the disorder, which can be categorized as neuropathic,
myopathic, related to neuromuscular junction (NMJ) transmission, or
associated with the central nervous system (CNS) (Figure 6.1.1). Once the
disorder is localized, the differential diagnosis process becomes more

focused, helping to narrow down the potential conditions.
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Figure 6.1.1 Possible localizations determined from the
electrodiagnostic study. Adapted from Electromyography and
Neuromuscular Disorders. Electromyography and Neuromuscular
Disorders: Clinical-Electrophysiologic Correlations: Third Edition (Elsevier,
2013).

Electrodiagnostic studies require clinicians to meticulously attend to
technical details while keeping the overall diagnostic objective in mind. As
data is collected, real-time analysis becomes essential, allowing for
necessary adjustments to narrow down potential conditions. This dynamic
approach is crucial for accurate diagnosis. It is worth noting that once the
patient leaves the clinic, diagnosis becomes impossible, as current
instruments are designed for in-clinic use and are not suitable for long-term
recording. As a result, the development of a tool capable of long-term

wireless recording could represent a significant advancement in this field.

The two primary types of electrodiagnostic tests are needle EMG and nerve

conduction studies (NCS). NCS measures the speed and strength of
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electrical impulses along peripheral nerves, while needle EMG involves
inserting fine needles into specific muscles to record and analyse their

electrical activity both at rest and during contraction.

In the context of needle EMG, it serves as a powerful tool for examining
the intricate activity within muscles, offering high-quality signal data. One
of the pivotal steps in needle EMG is the analysis of motor unit action
potentials (MUAPs). These MUAPs typically exhibit amplitudes below 2 mV,
durations ranging from 10 to 5 ms, and consist of 3 to 4 phases?%2. Notably,
neuropathy, myopathy, disorders of NMJ or the CNS system display
distinctive features within MUAPSs, providing valuable insights for disorder

localization.

For instance, it is common to employ needle EMG on thenar muscles,
particularly the APB (Figure 6.1.2). APB is considered the most suitable
median muscle for sampling distal to the carpal tunnel. The procedure
involves the tangential insertion of a needle into the lateral thenar
eminence, just lateral to the midpoint of the first metacarpal®. The patient
is instructed to abduct the thumb with the arm and hand in a supinated
position to activate the APB. Upon slight contraction, MUAPs become
clearly observable. These MUAPSs can be categorized and classified using
specialized instrumentation, resulting in averaged final waveforms
representing activities from different motor units. Parameters such as
amplitude, duration, rise time, and rate can be analysed and compared with

established standards to localize specific disorders.
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Figure 6.1.2 Cross-section anatomy and abductor pollicis brevis
insertion point. Adapted from Electromyography and Neuromuscular
Disorders. Electromyography and Neuromuscular Disorders: Clinical-
Electrophysiologic Correlations: Third Edition (Elsevier, 2013).

However, it is worth noting that sampling the APB is usually perceived as
more painful compared to other intrinsic hand muscles. In light of this, a
non-invasive tool capable of replicating MUAP identification would
significantly enhance patient comfort during diagnostic procedures. The
MEAP shows promise in this regard because of its refined and high-quality
recording capabilities, attributed to its high-density design and stretchable
features. Moreover, considering the capability of MEAP for long-term
recording, it opens up the possibility of conducting at-home diagnostic
assessments. Therefore, my aim is to explore the potential of employing
MEAP for electrodiagnostic purposes by recording EMG signals from APB
and compare them with those recorded by needle electrode. Noted that

MEAP with substate of TPU is used in this section.
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6.2 Comparison of EMG signals recorded by needle and

MEAP

To demonstrate the feasibility of using MEAP for electrodiagnostics, the
ability to capture MUAPs is crucial. To validate this, a clinician conducted
the pilot tests that we describe here. Recordings were made from the APB
using an MEAP while simultaneously recording with a standard needle
EMG electrode (Figure 6.2.1). The 24-channel MEAP provided ample
recording space to collect various MUAPs. Rows and columns were
labelled with numbers and alphabets to provide precise location references.
The needle electrode was consistently inserted between two adjacent
MEAP channels, and bipolar recordings between these two channels were
collected for comparison with the needle recordings. This ensured that the
recording areas of both tools were as close as possible. The subject was
instructed to make the slightest possible contraction of the APB to activate
only one motor unit, facilitating a better comparison between the needle

and MEAP recordings.



Figure 6.2.1 Recording configuration of MEAP and needle on APB. a
Photograph of MEAP on APB. b The arrangement of the channels on
MEAP. ¢ Photograph of needle recording at D4-D5. d Photograph of
needle recording at B4-B5.

6.2.1 Recording summary

Five trials were conducted at different locations on the APB muscle. The
clinical diagnostic instrument used has an auto-sorting function that can
differentiate signals from each motor unit and classify them accordingly.
Three important parameters, namely rate, amplitude, and duration, were
summarized in Table 6.2.1. It is evident that the amplitude of MUAPs
recorded by MEAP was significantly smaller than those recorded by the
needle electrode. This difference is expected because the amplitude
depends on the distance between the recording area and the signal source.

Compared to the inserted needle tip, MEAP records only from the surface
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of the skin, resulting in a greater distance between the electrode and the

signal source. This presents both advantages and disadvantages — it is

non-invasive but may lose some information due to changes in MUAPs.

However, for electrodiagnostics, amplitude serves as a reference, and the

firing rate and duration hold greater significance for clinicians in localizing

disorders. In this context, a comparison of the firing rates of the MUAPs

recorded by both tools confirmed that their origin was from the same motor

unit. Then, the durations of MUAPs recorded by the two tools were

compared to explore potential similarities between them.

Trial Recording | Motor Rate (Hz) Amplitude (uV) Duration (ms)
ria
location unit Needle | MEAP | Needle | MEAP | Needle | MEAP
1 10 10 1133.7 | 432.2 7.5 9.3
1 D4-D5 2 13 12 377.5 226.6 5.5 71
11 1 673.7 434.3 6.4 9.7
2 D5-D6 1 13 2 432.6 355.9 5.9 6.1
1 27 25 1199.1 132.6 5.3 4.7
3 B4-B5
2 12 23 832.4 92.8 5.2 4.9
1 18 22 1163.8 89.3 5.0 3.7
4 B4-B5 2 - 8 - 102.6 - 5.8
3 - 6 - 147.0 - 5.3
4.2
5 C2-C3 1 36 32 975.9 131.6 5.4
(6.3)

Table 6.2.1 The summary of parameters of MUAPs recorded by needle
and MEAP. The number in bracket in the last cell represents an alternative
result proposed by the author.

6.2.2 Trial 1

The raster plot of firing rate provides strong evidence that the MUAPs
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recorded by both tools originated from the same motor unit, with
simultaneous bursts observed except for one instance marked by a red
rectangle (Figure 6.2.2a). This sorting discrepancy is potentially the result
of system error due to the noise present in the MEAP recording. This firing
pattern consistency across different motor units further supports the
confirmation of identical MUAPs. Upon comparing the shape of MUAPs, it
was evident that the MUAPs recorded by MEAP exhibited a much
smoother profile in contrast to those recorded by the needle electrode
(Figure 6.2.2b). This phenomenon can be attributed to the subcutaneous
fat layer acting as a filter, increasing the distance between the electrode
and the source. Consequently, this low-pass filtering smooths the MUAP,

resulting in a reduction in surface EMG amplitude.

Regarding the duration of MUAPs, the needle-recorded duration was
approximately 7.5 ms, whereas the MEAP-recorded duration was
approximately 9.3 ms. It is worth noting that the MEAP-recorded duration,
particularly in the rising time portion, was longer. The influence of the skin
should also be considered in the context of duration measurements.
Additionally, it is important to acknowledge that MUAP duration
measurements may involve some degree of error because they can

currently only be determined by a clinician.
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Needle MEAP

Figure 6.2.2 MUAP from motor unit 1 in trial 1. a Raster plot of firing of
the MUAP. The red marker showed the only difference. b Averaged MUAP
by needle and MEAP.

6.2.3 Trial 5

Another matching result is from trial 5. According to the raster plot, it can
be observed that most of the firing patterns match, although there are some
bursts missing in the raster plot recorded by MEAP (Figure 6.2.3a). This is
possibly because of noise effects, which can lead to errors in the sorting
function performed by the system. However, considering that most the
bursts appeared at the same time, it is still evident that they originate from
the same motor unit. This is the second instance in which MEAP has
recorded the MUAP from the same motor unit as the needle. This indicates
that MEAP has the capability to record single motor unit signals, similar to
the needle electrode. Consequently, MEAP shows great potential for
continued use in exploring non-invasive recording for clinical

electrodiagnostics.

Regarding the duration of MUAPs, the duration recorded by the needle
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electrode was approximately 5.4 ms, while the duration recorded by MEAP
was approximately 4.2 ms. It is worth noting that the second duration
determination was also conducted by the clinician, and the second marker
might have been chosen differently by the author, possibly aligning more
accurately with the negative peak (Figure 6.2.3b). In that case, the duration
for MEAP should be around 6.3 ms. In this context, when comparing the
duration of the MUAP recorded using the MEAP and the needle electrode
in trials 1 and 5, it was observed that both recordings using the MEAP had
a longer duration. Specifically, the duration was 1.24 times longer for trial
1 and 1.17 times longer for trial 5 when using the MEAP compared to the

needle electrode.
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Needle MEAP

Figure 6.2.3 MUAP from motor unit 1 in trial 5. a Raster plot of firing of
the MUAP. The red marker showed the only difference. b Averaged MUAP
by needle and MEAP.

6.3 Conclusions

This pilot study demonstrated that MEAP successfully recorded single
MUAPs from the same motor unit as the needle electrode. This finding

strongly suggests that MEAP has the potential to further explore non-



194

invasive electrodiagnostic techniques. In terms of MUAP duration, a critical
parameter for clinicians in the diagnostic process, MEAP recordings
exhibited longer durations compared to the needle electrode, albeit with a
similar ratio. This observation could serve as a valuable pattern for future
investigations. While additional tests and trials are necessary to establish
a robust and validated set of rules, this pilot study underscores the
considerable promise of MEAP as a potential replacement for invasive

needle electrodes in the future.
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Chapter 7

General discussion

7.1 Material selection for developing dry electrode

When addressing the limitations of current Ag/AgCI sEMG electrodes, the
first challenge is selecting the appropriate material for the new dry
electrode. Conductivity is a fundamental requirement, limiting the choices
to four main categories: metals, carbon materials, hydrogels, and
conductive polymers. Regular metals, except for LM, lack stretchability
unless specially structured, and achieving adhesiveness on metal surfaces
is challenging due to their high surface energy. Carbon materials, like
carbon nanotubes and graphene, have a high Young’s modulus, making
them unsuitable for bioelectronics''. Compared to them, LM offers unique
properties such as easy shaping within various matrices, good
stretchability when combined with elastomers, and the ability to form island
topographies on the skin, enhancing adhesiveness when integrated with
adhesive elastomers. However, liquid metal poses leakage issues when
applied directly to the skin, making it less ideal for long-term

electrophysiological recordings.

Conversely, the use of hydrogels and conductive polymers that can be
tailored to specific requirements becomes a favourable strategy. These
materials can be customized to provide specific functionalities based on
different application scenarios. However, it is challenging to create a

material that excels in every aspect. Enhancing one property may come at
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the expense of another. For example, hydrogels contain a lot of water but
dehydrate quickly, while making conductive polymers more stretchable

often reduces their conductivity.

To address the durability issue of current Ag/AgCl gel electrodes, we
decided to explore the use of conductive polymers and ultimately
developed TPP electrodes. While TPP electrodes exhibited many
satisfactory performances, the trade-off issue mentioned earlier was not
fully resolved for TPP, as demonstrated in Chapter 3.2.2. This issue may
be addressed in the future by tuning the formation of material or adjusting

the microstructure to achieve desirable characteristics simultaneously.

In essence, selecting materials for dry sEMG electrodes presents a
multidimensional challenge that goes beyond simple conductivity. It
requires striking a delicate balance between mechanical properties,
electrical performance, durability, and user comfort. It is necessary to
consider the unique demands of their applications and prepare to manage
trade-offs according to specific requirements. Establishing clear
performance metrics tailored to the needs of sEMG applications can be
helpful. These metrics may include parameters such as modulus of
elasticity, impedance, adhesiveness, and baseline noise. Objective
evaluation and comparison of different materials can be conducted based

on these metrics.



197

7.2 Wireless recording for MEAP

While MEAP has demonstrated excellent performance in providing muscle
and tendon information for injury prevention, the next crucial step is to
upgrade the recording system to a wireless device. Carrying a bulky
amplifier with a cable for MEAP connection is impractical for users.
Although the development of a lightweight, portable, and high-SNR
amplifier is beyond the scope of this thesis, there are still important issues
to consider regarding the sEMG array. One key challenge is ensuring
stable recording during potentially strenuous movements by exercisers.
The stability here does not refer to the attachment of MEAP to the skin but
rather concerns the phenomenon known as the "cable swing artifact." This
artifact is an interference phenomenon caused by cable motion, often
induced by mechanical vibrations. Cable swing artifacts can introduce
significant noise into recorded signals, potentially providing misleading

information thus impeding accurate signal analysis.

To mitigate this artifact, it is crucial to minimize the length of the cable
transmitting analogue current to digital signals. This is because the cable
swing artifact affect less when the analogue current is converted to digital
as early as possible in the signal path. Even in wireless recording setups,
cable swing artifacts can still occur since analogue current transmission is
inherent in sEMG recording. Therefore, the focus should be on shortening

the cables as much as possible.

When using MEAP, achieving this requires improved design for the LM

circuit section. Additionally, the amplifier should be affixed to a part of the



198

body that experiences minimal movement to reduce the artifact. This may
necessitate customized positioning for each specific muscle group. For
instance, when recording arm muscles, place the amplifier near the elbow

joint; when recording pectoralis, place the amplifier near the clavicle.

Another concern arises when multiple muscles need to be recorded
simultaneously to analyse muscle synergy. In such cases, multiple MEAPs
may be deployed, and they may not be located close to each other. Given
the cable swing effect, it is advisable for each MEAP to have its dedicated
amplifier. Multiple amplifiers pose higher requirements for wireless data
transmission, especially considering that sEMG typically requires a

sampling frequency of over 1000 Hz, and MEAPs have multiple channels.

Addressing these challenges related to front-end processing is essential to
provide MEAP with a suitable platform for stable and high-quality sSEMG

signal acquisition in the future.

7.3 Minimizing the influence of skin deformation on MEAP

recordings

It may raise concerns that the stretchable MEAP may not provide accurate
tendon location due to the apparent variation in IED during skin
deformation. However, it was found that the changing IEDs will not impact
junction detection when employing the normalizing technique. Given that
the junction should consistently be situated between two neighbouring

electrode sites, a numerical value of 0.5 can be employed to determine
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which two channels are involved. Consequently, the relative position of the
muscle-tendon junction to the MEAP can always be ascertained, as long
as the junction remains within the recording range of the MEAP. Regarding
the absolute numerical value of tendon displacement, a thoroughly
investigation of this issue and computational adjustments to minimize its

impact have been provided below.

The IEDs between neighbouring channels at the muscle-tendon junction of
the distal biceps tendon were measured when biceps brachii was in

different states (Table 7.3.1).

Flexion IED21-17 IED17-13 IED13-9 IEDg5 IEDs-1
degree (mm) (mm) (mm) (mm) (mm)
30° 15 mm 15 mm 15 mm 15 mm 15 mm
0° 15 mm 15 mm 16 mm 18 mm 18 mm
110° 15 mm 15 mm 14 mm 13 mm 12 mm

Table 7.3.1 IED between adjacent channels when biceps brachii is
relaxed, fully extended and fully flexed.

Since TPP electrodes are sticky and can adhere securely to the skin, the
IED change is the same as skin deformation between two nearby
electrodes. IEDs were evaluated in three distinct arm states: full extension
(0°), full flexion (110°), and relax (30°). When the array was bonded to the
skin during arm relaxation, the IEDs were all 15 mm. it was discovered that
when the muscle is moving, the deformations of skin on the muscle part
are not obvious.

For example, it is assumed the junction is right in the middle between

channels 5 and 1 when the muscle is in full extension.
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The calculated distance between junction and channel 21 is Dce = IED21-
17(30°)+IED17-13(30°)+IED13-9(30°)+IED9-5(30°)+1/2 IEDs5-1(30°);
the realistic distance between junction and channel 21 is Dre = IED21-

17(0°)+IED17-13(0°)+IED13-9(0°)+IEDg-5(0°)+1/2 IEDs5-1(0°),

When the junction is right in the middle between channel 13 and 17 when
in full flexion,

the calculated distance between junction and channel 21 is Dct = IED21-
17(30°)+1/2 IED17-13(30°);

the realistic distance between junction and channel 21 is D =IED21-
17(110°)+1/2 IED17-13(110°).

Considering the absolute displacement Da of channel 21 between flexion
and extension in the space,

then the calculated displacement is Dce-Dcf +Da =1/2 IED17-13(30°)+IED13-
9(30°)+IEDg-5(30°)+1/2 IEDs.1(30°) +Da;

the realistic displacement is Dre-Drf +Da = 1/2 IED17-13(0°)+IED13-9(0°)+IEDo-
5(0°)+1/2 IED5-1(0°)+Da;

The reason we choose distance between junction and channel 21 instead
of channel 1 is that we found Da(21) = 0 mm, while Da(1) = 40 mm.
Calculating from the muscle end can therefore reduce the effect of
significant skin distortion.

Hence, the calculated displacement is 45 mm, while the actual
displacement is 50.5 mm. The discrepancy is approximately 10%, which is
considered acceptable. This impact of skin deformation is currently only

observed in the case of biceps brachii. No significant skin deformation was
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noted during flexion and extension for Achilles tendon identification;
therefore, this influence is not a concern in that context.

Another factor affecting the impact of skin deformation is the body fat
percentage of the individuals. In the case of Subject A, whose body fat
percentage is approximately 20%, there were not many observed skin
deformations. However, for individuals with body fat percentages of less
than 15% or even 10%, skin deformation can lead to significant changes in
IEDs and a greater risk of non-conformal electrodes detaching. In such
cases, a stretchable electrode array becomes more valuable and relevant,
especially when combined with a strain sensor on the patch. This
integrated approach can monitor and mitigate the influence of skin
deformation, ensuring more accurate and stable electrode performance.
The use of multiple sensors in this manner can provide comprehensive and

precise data for analysis.

7.4 Unlocking new frontiers in prosthetics and

exoskeletons with MEAP

The deepest aspiration for amputees has always been the hope of
regaining their lost limbs. While regenerative medicine has made
remarkable progress, prosthetics remain a commonly adopted solution.
However, these prosthetic devices, in their current state, offer only limited
degrees of freedom (DoF). Consider hand prosthetics as an example; most
available devices can merely perform basic gripping functions, offering

users a single DoF. This limitation becomes evident when we think about
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the intricate gestures our natural hands can execute. Clearly, these
prosthetics are not fully equipped to meet the diverse and complex needs

of their users.

One main reason for this is traditional prosthetic devices operate on
mechanical force or strain sensors, typically controlled by other parts of the
body, such as a pump in the armpit. To perform a basic grasping motion,
users must use their arm to activate the pump. While this mechanism can
adequately handle tasks suited for single-DoF prosthetics, it falls short
when it comes to more complex, multi-DoF tasks. The limited control points
restrict the execution of intricate hand movements, and users must rely on

a cumbersome and often uncomfortable learning process.

In addition, the varied mechanisms used in different prosthetic devices
further compound the learning curve. Some prosthetics require arm
movements to operate, while others necessitate isometric contractions of
the biceps for gripping. Adapting to these disparate control methods can
be time-consuming and frustrating for users, who are essentially asked to
issue commands to a different part of their body when they are trying to
move their hand. This presents a considerable challenge in achieving

seamless integration of prosthetics into daily lives of users.

Fortunately, using multi-channel sSEMG as the driving mode for prosthetics
can solve all issues above, since the movements of the hand and fingers
are primarily governed by forearm muscles. For amputees who still
possess forearms, a multi-channel sEMG array, exemplified by MEAP, has

the ability to capture real-time muscle activity. Through advanced data
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analysis techniques, including deep learning, these muscle activity
patterns can be deciphered and utilized as input for prosthetic devices. The
result is a significant expansion in the number of DoF that can be achieved.
Moreover, the high-density sEMG recording offered by MEAP effectively
captures individual muscle activities on the forearm without crosstalk,

significantly enhancing gesture classification accuracy.

Another advantage of this approach lies in the fact that users issue
commands to their forearm muscles directly when performing specific hand
tasks. As a result, the extensive relearning process required by other
prosthetic devices becomes unnecessary. This seamless transition
empowers users to operate prosthetics without the burden of time-
consuming adjustments, enabling them to regain a more natural sense of

control.

To realize the sEMG driven mode for prosthetics, MEAP would be a
preferable option. The muscle activity mapping demonstrated by MEAP, as
outlined in Chapter 5.2, offers compelling evidence of its potential to
comprehensively record muscle activity. Furthermore, by analysing median
frequencies of individual muscles, MEAP can provide real-time muscle
fatigue data to the prosthetic device, simulating muscle fatigue feedback.
This innovation brings prosthetic control closer to the natural hand, making
these devices more intuitive and responsive. In the near future, MEAP has
the potential to become the leading input device for prosthetics due to its

user comfort and high-density sEMG signal recording capabilities.

Beyond its potential in prosthetics, MEAP can also find exciting
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applications in the realm of exoskeletons. As showcased in Chapter 5.4.1,
MEAP can measure loads by analysing RMS of sEMG signals. When
integrated into exoskeleton systems, this innovation can measure real-time
muscle contraction levels, offering precise force assistance. By doing so, it
optimizes task completion without the unnecessary expenditure of energy.
This concept bears a resemblance to electronically power-assisted cycles

and could significantly enhance task efficiency across various applications.

7.5 Advancing electrodiagnostic and

electrophysiological research with MEAP

Aside from its non-invasiveness, MEAP possesses a notable advantage
over needle recording due to its multichannel design. In the context of a
single muscle, there are typically numerous motor units, numbering in the
dozens or even hundreds. The capability to record multiple MUAPs
separately offers  substantial assistance to clinicians and
neurophysiologists in gaining a deeper understanding of motor unit
synergy. This emerging field holds the potential to unravel the fundamental
mechanisms underlying muscle fibre function. In contrast, traditional
needle electrodes have hindered progress in this area. The primary
challenge lies in the extreme difficulty of concurrently recording different

MUAPs with a single needle electrode.

To capture distinct MUAPs, the tip of the needle electrode must be
precisely manoeuvred within the muscle to access various motor units.
This intricate process demands the expertise of highly experienced

clinicians or neurophysiologists to achieve both a high success rate and
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minimal recording time. Even with skilled operators, the process often
inflicts unbearable pain on subjects, frequently leading to interruptions in
the recording process. Furthermore, this approach falls short of providing
simultaneous recordings from all motor units within the muscle necessary
for analysing motor unit synergy. The alternative of inserting multiple
needles concurrently exacerbates subject discomfort, making research in
this field exceedingly challenging. Some researchers have attempted to
use sEMG electrodes to capture different MUAPs within the same channel
and employ algorithms to differentiate them into distinct classifications.
However, the results from this strategy are often contentious due to

concerns surrounding their validity and accuracy.

In contrast, MEAP offers a compelling advantage for such research by
eliminating subject discomfort entirely. With its high-density electrode array,
MEAP evenly distributes recording sites across the target muscle area.
This approach enables the simultaneous recording of multiple MUAPs from
each channel, promising greater accuracy in MUAP decompositions
compared to low-resolution electrodes. Consequently, we believe the
potential of high-density sEMG electrode arrays, particularly MEAP,

eclipse that of needle electrodes for future research.

However, the comparative tests between needle and MEAP in Chapter 6
have revealed a potential limitation in current recording systems or
instruments. A critical observation is that no clinical recording system can
facilitate multichannel recording to enable all MEAP channels to function

simultaneously. This limitation stems from the fact that existing instruments
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are primarily designed for needle electrodes, aligning with the previous
statement that multi-needle recording is impractical in clinical settings.
Consequently, the MEAP recording results presented in Chapter 6.2 are
constrained to single-channel outputs, mirroring the capabilities of needle
electrodes. Addressing these limitations necessitates efforts to develop
compatible recording systems that can seamlessly integrate with high-
density sSEMG arrays like MEAP. Such endeavours are essential to ensure
that every aspect of the recording process operates in harmony, ultimately

yielding accurate and invaluable results.

In conclusion, MEAP offers a powerful tool for studying muscle physiology
and motor unit interactions. Its multichannel, high-density recording
capabilities provide an unparalleled advantage over traditional needle
electrodes. While there are challenges in integrating MEAP with existing
clinical recording systems, these challenges represent opportunities for
innovation and collaboration in the field of electrophysiology. With
continued research and development, MEAP holds the potential to reshape
our understanding of muscle function and open new avenues for clinical

applications.
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Chapter 8

Conclusions

8.1 Concluding remarks

In a society increasingly focused on achieving and maintaining optimal
physical health and fitness, the role of scientific exercise and injury
prevention has become paramount. SEMG devices have emerged as a
cornerstone in this pursuit, offering valuable insights into muscle activity
and performance. However, existing commercial hydrogel sEMG
electrodes come with their share of limitations, including short usage
lifespans, inadequate conformability, and low-resolution recording
capabilities. Additionally, while needle electrodes have traditionally been
the gold standard in electrodiagnostic, there is a growing recognition of the

potential and patient-friendliness of SEMG for future applications.

In response to these challenges and opportunities, this thesis introduces
the concept of the MEAP, an adhesive, stretchable, biocompatible, and
durable sEMG electrode array. MEAP leverages MPC and TPP for its
circuitry and electrode components, ensuring flexibility and stretchability.
This thesis provides a comprehensive exploration of the material formation,
device fabrication, and the performance of MEAP across various sEMG

applications.

Chapter 3 focuses on the development and characterization of TPP
electrodes, a novel conductive polymer comprising PEDOT:PSS, PVA, and

TA. These electrodes exhibit exceptional stretchability (with an elongation
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at break of 188%) and adhesiveness (peeling force of 0.58 N/m). The
chapter unravels the underlying mechanisms by examining the interactions
between these components. Notably, the porous configurations within TPP
films contribute to reduced cohesive energy and Young’'s modulus,
enhancing compliance and stretchability. Long-term wear tests over ten
days reveal sustained effectiveness and biocompatibility of the MEAP. Its
adhesive properties enhance skin conformability, resulting in superior
signal quality compared to traditional Ag/AgCl electrodes, especially in
areas with skin folds and creases. These properties, combined with tunable
viscosity through xanthan gum additions for improved patterning, lay the
foundation for high-density electrode arrays and precise multi-channel

SEMG recordings.

Chapter 4 explores the practical properties of MEAPs, emphasizing their
repeatability and suitability for long-term wear. These characteristics are
critical for ensuring user comfort, a central focus of MEAP development.
The chapter highlights the challenges faced by commercial hydrogel
electrodes and arrays in achieving consistent recording sites and
conformability, issues resolved through the patternable LM circuitry

employed in MEAP.

Chapter 5 presents diverse applications of MEAPSs, showcasing their ability
to provide precise muscle information and monitor muscle fatigue during
activities like sports and training. The high-density sEMG electrode array
of MEAP enables real-time monitoring of tendon displacement, aiding in

the prevention of exercise-related injuries. Personal data analysis,
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informed by MEAP recordings of loading, fatigue, and tendon displacement,
empowers exercisers to train safely and efficiently, positioning MEAP as a

valuable tool in the development of the sEMG field.

Chapter 6 serves as a pilot study on using sEMG arrays for
electrodiagnostic purposes. The results demonstrate the capacity of MEAP
to successfully record single MUAPs from the same motor unit as
traditional needle electrodes. While differences in signal attributes such as
amplitude, duration, and rise times are noted, their causes remain to be
determined through further investigation. Understanding these differences
may inform electrode optimization to enhance diagnostic accuracy.
Nonetheless, this study strongly indicates the potential of MEAP for non-

invasive electrodiagnostic techniques.

Chapter 7 delves into reflective discussions regarding experimental
challenges encountered during the project and explores prospective
applications of MEAPs. This chapter encapsulates the insights
accumulated throughout the research journey, offering critical
considerations and innovative possibilities arising from the development

and utilization of MEAPs.

8.2 Future works

MEAP, with its remarkable attributes, holds immense promise in various
sports and training environments, particularly for activities demanding
explosive strength, such as sprinting and bodybuilding. In scenarios like

weightlifting, where erectorspinae injuries are common and can disrupt



210

regular training, MEAP offers a distinct advantage. Unlike conventional
SEMG electrodes that struggle to stay in place due to skin movement,
MEAP provides a conformal attachment that can effectively monitor muscle

activity and aid in injury prevention.

Furthermore, the versatility of MEAP is a key asset. Its sizes and designs
can be easily adapted for different muscles or other electrophysiological
recordings, including EEG and ECG. The high spatial resolution and
extended working duration make MEAP a valuable tool in human-machine

interfaces, such as prosthetics or virtual reality applications.

In the realm of clinical applications, the aim is to replace invasive needle
electrodes with MEAP to enhance patient comfort. However, current
MEAPs face challenges in distinguishing single motor unit signals from
SEMG recordings due to limitations in backend algorithms, resulting in
reduced efficiency and accuracy in selecting individual motor units.
Consequently, the potential of MEAP in clinical diagnosis remains
somewhat limited. Additionally, the reliance on cable connections in current
MEAP designs restricts their application scenarios and overall simplicity.
To overcome these limitations, one solution is to integrate MEAP with
intelligent algorithms and wireless modules. This integration will not only
enhance the utility of the device in clinical settings but also improve its

portability for everyday use.

Looking ahead, we envision that MEAP has the potential for widespread
commercialization, thanks to its cost-effectiveness and straightforward

fabrication process. As a result, MEAP could serve as a versatile platform
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for disease diagnosis, daily rehabilitation management, and scientific
exercise, contributing significantly to advancements in healthcare and

fithess.
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