Wearable devices for jaw activity monitoring
Sabarinath Prasad

a thesis submitted for the degree of
Doctor of Philosophy
at the University of Otago, Dunedin, New Zealand.
20 December 2019

Supervisors:
Professor Mauro Farella
Associate Professor Mike Paulin
Professor Richard Cannon

ii

To Acha, Amma, Gaay, Saranya and my loving wife Sreeja

iii

ACKNOWLEDGEMENTS
“Jump off the cliff and build your wings on the way down.” ― Ray Bradbury.
Prof. Mauro Farella built my wings and ensured that I land safe. His ideas and observations in
oral physiology developed throughout his career form the firm foundation of this thesis. Building
up this thesis was all about connecting the numbered dots that Prof. Mauro had laid out.
Completing this thesis was the culmination of a collaborative effort involving the advice,
assistance, support and friendship of many people. I would like to acknowledge the
contributions of the following for their direct involvement.
Mike Paulin, for patiently introducing me to the completely new world of microcontrollers and
permitting endless hours of tinkering in his lab. I always looked forward to his academically
stimulating lab meetings. His enthusiasm at introducing school kids to robotics and miniature
electronics amazes me. Thank you, Mike, for letting me be a part of the experience.
Richard Cannon, for encouraging me to participate in the Otago 3MT competition. Your
mentorship and encouragement throughout this journey is greatly appreciated.
Prof. Sandro Palla, for your valuable comments and feedback at various stages of the study.
Technical Assistance …
Hamza Bennani, for guiding me through MATLAB, R and teaching me the differences between
“same” and “similar”.
The entire team of engineers from Kamahi Electronics, Dunedin, particularly Max Farr, Max
Allen, Kuang Ma and Edwin Neiman for their support with the development and testing of the
early prototypes of the wireless device.
Chantelle, thank you for your tireless efforts in the recruitment of participants and for assisting
in the validation study.
From the Department of Mechanical and Aerospace Engineering, North Carolina State
University, Prof. Yong Zhu and Dr. Shanshan Yao, for collaborating from across the globe and
preparing the silver nanowire electrodes.

iv

For 3D printing assistance, Mitch and Steve from the School of Dentistry as well as John and his
team (Andrew, Asuka, Donnel, Hide, Jane, Julie, Mew, Siwoo, Tanya, Troy, Warren) at The Lab,
Dunedin. Ludwig for helping with the bite force measurement device.
Administrative support …
James and Nicole from the SJWRI for providing me with administrative support and guidance.
Christine Smith for spreading happiness and being an exceptionally strong source of emotional
support. At the end of every conversation I had with you, I felt a lot calmer.
Funding Support …
The New Zealand Dental Association and Pain @ Otago research theme for generously
supporting this research
Friends …
Varghese, Shiny, Dhiraj, Ashwathy, Vinod, Arun and families, thank you for the occasional
respite, inspiration, laughs. Tanmoy for accompanying and planning all our road trips around the
south island. SV for remotely supporting me in my journey.
Dental staff and postgraduate students …
At the risk of missing out people, I would also like to thank all the staff at the Faculty of
Dentistry, Freya Johnstone and Claire Giles (Discipline of Orthodontics) for help in the clinic
and ortho postgrads Wei, Simon and Ghassan for taking time out of your busy schedules to
help me at various points during this study. Divya , “nandri” for unconditionally helping with
Chapter 3. Rachel for your help in proofreading this thesis.
All the Participants …
And of course, my sincere gratitude goes to all the research participants. Without you
contributing your valuable time and masseter muscle contractions, none of this would have
been possible.

v

INTRODUCTION
Masticatory muscles play a significant role in oral functions of the stomatognathic system that
are indispensable for survival and good health. Recently, research has started to pay more
attention to parafunctional oral motor activity in natural settings that can cause undesirable
orofacial outcomes and represent oral health problems. Therefore, masticatory muscle activity
recording in the natural environment using a user-friendly , accurate system with minimal data
loss is required for oral physiology research and in health care settings. This research attempts
to bridge the gaps identified in the field of wearable devices for monitoring of jaw muscle
activity and jaw movement patterns in the natural environment.
After an initial comprehensive literature review, research studies are presented that span from
the validation of a portable wearable device to the design and prototype of a new miniaturized
version of the device. The thesis first reveals a smartphone assisted wearable EMG recording
device with gel-type electrodes. The concordance of recording accuracy between this wearable
device and a standard wired system is presented followed by recording of masticatory EMG in
freely moving conditions, albeit with some shortcomings. Following device validation , a clinical
study applying this device investigated the associations between masticatory muscle activity, selfreported oral behaviours, and physical activity using a wrist accelerometer in a sample of healthy
women .
To overcome the limitations of the electrodes, additional research was also conducted by
testing different electrode configurations and electrode materials to describe the effect of
electrode characteristics on EMG activity. Development of a new version of the device and
sensing electrodes, to overcome technical problems is also proposed in the penultimate
chapter. The section of the thesis in the end relates to future directions that are supported by a
proof of concept of a wearable system for mandibular motion tracking, which unfortunately
could not be completed due to technical issues. A general discussion and future research
directions concludes the thesis.

vi

SUMMARY OF THESIS
The present work, which focuses on wearable devices for jaw activity monitoring is in a hybrid
thesis format, whereby material published or sent for publication is inserted in the chapters of
the thesis. The thesis is divided into six main chapters and owing to the nature of this thesis, a
certain degree of overlap between chapters is inevitable.

Chapter 1 – General Introduction and Review of the Literature
A general overview of masticatory muscle activity in function, dysfunction and parafunction is
presented in the first chapter. The review focusses on epidemiology, associated musculoskeletal
conditions and methods for assessment of wake time oral parafunction. Instrument-based
approaches for the assessment of wake time parafunction with a focus on portable devices for
long-term masticatory muscle sEMG and approaches for mandibular motion tracking are
included in the introductory chapter

Chapter 2 – Validation of a wearable wireless device for monitoring masticatory muscle activity in
freely moving individuals

The methodological details of the validation of a newly developed smartphone assisted
wearable wireless EMG device are presented in the second chapter. The chapter presents an
overview of the study design, participant recruitment, examination procedure, equipment used,
questionnaire surveys, data analysis and limitations.

Chapter 3 – Associations among masticatory muscle activity, physical activity & self-reported oral
behaviours in adult women

Objective measurements in the natural environment of masticatory muscle activity using the
validated wearable EMG device and daily physical activity using wrist accelerometers are
presented in the third chapter. This chapter examines the relationship between masticatory
muscle activity, self-reported oral behaviours and physical activity in adult women participants.
An overview of the study design, participant recruitment, examination procedure, equipment
used, data analysis and study limitations is presented in this chapter.

Chapter 4– Effect of electrode characteristics on electromyographic activity of the masseter
muscle.

Limitations of sensing electrodes used with the wearable wireless EMG device for long-term
muscle activity monitoring are presented in the fourth chapter. The chapter presents testing of
vii

different inter-electrode distances and electrode materials to overcome limitations and optimise
electrode characteristics for long-term masticatory muscle EMG with the device. An overview
of the study design, participant recruitment, examination procedure, equipment used, data
analysis and study limitations is presented in this chapter.

Chapter 5– Design and prototype of a new version of the wearable wireless EMG device
The fifth chapter explains the rationale, process for development and intermediate steps leading
to the development of a new design of the wireless EMG device. The chapter includes the steps
involved in design and prototype of the new device.

Chapter 6 – General discussion and future research directions
The sixth and final chapter of this work includes a general discussion of the research. In
particular, the limitations and future directions for research are highlighted.

Chapter 7– Appendices
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1.1 INTRODUCTION

Comprehensive reviews have elucidated in detail the morphology 1, physiology 2, reflex control 3,
dynamics 4, importance 5, effects of treatment6, 7 and functional aspects8, 9 of the muscles of
mastication. A better understanding of the muscles of mastication has been possible by tools like
cadaver dissection10, and techniques ranging from computed tomography11, magnetic resonance
imaging12, infrared thermography13, ultrasonography 14 to electromyography (invasive and surface
recordings) 15, 16.
The muscles of mastication are associated with movements of the jaw and are activated during
normal orofacial functional behaviours including chewing, swallowing and speech. The main
muscles of mastication include the masseter, temporalis, medial pterygoid and lateral pterygoid.
Among the main masticatory muscles, the temporalis and the masseter are easily accessible due
their size and superficial position. The masseter muscle is the largest masticatory muscle and a
major contributor to the strength of jaw closure 17, and muscle thickness is closely associated with
bite force18-20. Masseter muscle activity is associated with orofacial activities including biting21,
chewing22, clenching23 and swallowing24. An association between the anatomic characteristics of
the masseter muscle (masseter muscle volume) and oral functions (masticatory performance and
saliva secretion) has also been suggested25.

1.2 MASTICATORY MUSCLE ANATOMY

Of the main masticatory muscles, the temporalis and the masseter are the largest and the
strongest, and are characterized by a complex internal organization26.Anatomically, the masseter
muscle is bulky and rectangular, and is placed between the zygomatic arch and the ramus of the
mandible on each side, and the fasciculi have a multipennate arrangement with from three to five
tendinous septa27. The masseter has a superficial portion with an inferior and slightly posteriormedial fiber course and a deep portion with a more vertical course. The temporalis on the other
hand is a fan shaped, bipennate muscle superficially placed on each side of the skull, with a large
2

blade-like tendon. In the anterior part, the course of the fasciculi is almost vertically inferior; in
the intermediate part, inferior with a slight anterior inclination; and in the posterior part, more
horizontal27.
Dimensions of the muscles in living adults have been assessed, in terms of cross-sectional
thickness, to be just under 1cm for the masseter muscle with a 15-50% increase during
contraction 28, 29; cross-sectional areas have been found to be about 6cm2 for the masseter muscle
and 5cm2 for the temporalis 30-32. Estimates of the physiologic muscular cross sections, i.e., the
total cross-sectional area of all fibers, are larger, about 9cm2 and 11cm2 respectively 30.
For the masseter muscle, anatomical findings such as the focal distribution of the territories of
motor units1, the great variability in fiber type composition across various muscle portions 33, the
regional differences in blood perfusion and nerve supply34, and muscle compartmentalization35,
are consistent with its physiological properties. The masseter is often described as a
compartmentalized muscle with motor unit territories confined within the muscle’s internal
aponeuroses36 and functionally heterogeneous37-39. During jaw functioning, muscle sub-portions
can be differentially activated, i.e. some parts of the masseter muscle are more active than
others40. However, macroscopic analysis of masseter compartments assessed by MRI41 have
revealed that the masseter muscle is not divided into specific muscle compartments by the
aponeuroses in a consistent fashion as previously reported42. Rather, a peculiar and complex
three-dimensional masseter compartmentalization is seen with marked inter-individual anatomical
variability. The aponeurosis content of the masseter muscle was also found to vary systematically
across different muscle sub volumes, being denser in the anterior-cranial portions close to the
zygomatic arch and in the deep masseter sub volumes. The muscle aponeuroses exhibited a fan
shape arrangement in both antero-posterior and medio-lateral directions41. An understanding of
masticatory muscle anatomy also provides insights into the mechanism of muscle contraction
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1.3 NEUROPHYSIOLOGY OF MUSCLE CONTRACTION

Masticatory muscles are made up of many individual muscle fibers. Inside these muscle fibers are
smaller units called myofibrils which are made of parallel thin and thick filaments. The thick
filaments are made from the protein myosin whereas the thin filaments are composed of actin,
tropomyosin, and troponin43.
The complex process leading to muscle contraction, called excitation-contraction coupling, begins
when an action potential causes depolarization in the myocyte membrane. The depolarization is
spread via the transverse tubules, which are invaginations of the muscle cell membrane.
Depolarization of the T tubules causes a conformational change in the dihydropyridine receptors,
which causes the opening of nearby ryanodine receptors on the sarcoplasmic reticulum, the
storage site for calcium within muscle cells. When calcium is released from the sarcoplasmic
reticulum, it binds to troponin C. This causes a conformation change, which shifts tropomyosin,
allowing the myosin heads to attach to the actin filaments creating what is known as a crossbridge. Then a cross-bridge cycling ensues. When energy molecule, adenosine triphosphate
(ATP) binds to an ATP binding domain on the myosin head, it causes the myosin to dissociate
from the actin, breaking the cross-bridge. ATP is then hydrolysed into adenosine triphosphate
(ADP) and phosphate, which causes the myosin heads to change conformation and move toward
the positive end of the actin, cocking the myosin head. The phosphate is released, and the ADP
bound myosin binds to a new location on the actin filament. ADP is then released which causes
the myosin to return to its original position, pulling on the actin filament when doing so causing
the muscle fiber to contract43.

1.4 PRINCIPLES OF ELECTROMYOGRAPHY

During muscle contraction, nerve impulses from motor neurons reach motor end plates at the
neuromuscular junction. These pulses cause all muscle fibers innervated by that motor neuron’s
axon to discharge nearly synchronously to create a motor unit action potential (MUAP). MUAPs
4

then propagate along all innervated muscle fibers, away from the motor end plate longitudinally
in both directions toward the ends of the muscle fiber. Thus, the electric potential field generated
by the depolarization of the extrafusal fiber membranes is essentially an amplified version of the
alpha motor neuron activity. Electromyography (EMG) is a representation of this “myoelectricity”
as detected at some distance44.
The tissues separating the EMG signal sources (depolarized zones of the muscle fibers) from the
EMG sensor are referred to as a volume conductor45. The volume conductor acts like a spatial
low-pass filter on the electrical potential distribution, smoothing each MUAP and decreasing the
amplitude of the signal. The distance between the EMG signal sources and the sensors changes
the qualities of the volume conductor and, thus, the effects of the spatial low-pass filtering.
Greater distances constitute lower signal amplitude and increased smoothing.
EMG may be measured intramuscularly or at the skin surface (sEMG). sEMG is non-invasive, is
seemingly simple to apply, and can provide real-time information about muscle activations and is
therefore well suited for understanding muscle activity in the natural environment. However,
sEMG is a technique that can also be easily abused due to a lack of knowledge of the factors
affecting the signal, inherent technical limitations46. For surface detection particularly, the effect of
the separating tissues can become significant, with more than 1–2 cm of subdermal fat at a site
precluding the usefulness of sEMG47.
The sEMG signal is a collection of the multiple MUAPs within the range of the sensor, providing
a polyphasic signal of superimposed MUAPs from one or more muscles in the region. The
amplitude and frequency content of each of the constitutive MUAPs in the measured sEMG signal
is directly related to the distance of each motor unit from the electrode. A MUAP measured
from a more superficial muscle fiber will have a larger amplitude and higher frequency content
than one measured from a deeper muscle fiber48. As the central nervous system drives the muscle
to generate increased force, more motor units are recruited, and the firing rates of all recruited
motor units increase. The amplitude of the recorded action potential from single fibers is
5

positively correlated to the diameter of the fiber, and it decreases steeply with the distance of
transmission49 .
The first electromyographic studies of the muscles of mastication were mainly descriptive50. A
common mode for quantification of the direct surface electromyogram is by averaging the
rectified signals and filtering them into a smooth mean voltage curve51 . The mean voltage of the
surface electromyogram gives the amplitude and the timing of the activation of the muscles.
Masticatory muscle sEMG provides objective, valid, and reproducible data about muscle
contractions52. To better understand masticatory muscle activity (the presence of recordable
electrical energy in the masticatory muscles ), sEMG has also been integrated with mandibular
motion analysis

53-56

. The masseter muscle is easily accessible due to its size and superficial

position. It is therefore the muscle of mastication most extensively investigated using sEMG 37, 57.
sEMG has enhanced our understanding of masticatory muscle activity in function

58

and

dysfunction 59, 60 and is discussed in greater detail in the following section.

1.5 MASTICATORY MUSCLE FUNCTION

The physiological range of oral functional activities in a healthy population have been studied and
muscle contractions measured in an attempt to determine the masticatory muscle EMG reference
values for different oral functions 61.
1.5.1 Muscle rest position

Clinical rest ⁄ postural position represents the rest position of the mandible and is thought to
remain constant throughout life. This position is maintained, in part, by tonic activity in the
muscles62. There is minimal mandibular elevator muscle activity when the mandible is in this rest
position16, 63. At the clinical condition of rest, the temporalis muscle is more active than the
masseter muscle and at rest a decrease in electromyographic activity of masticatory muscles is
observed from adulthood to old age 64.
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Several electromyographic studies have examined the relationship between an EMG detected
rest position and a clinically identified rest/postural position with conflicting conclusions65-67.
Research has concluded that clinical and EMG rest positions are independent entities and do not
correspond to the same vertical mandibular position. The EMG rest position is repeatedly more
caudal than the clinical rest position68. Masticatory muscles remain slightly active, albeit minimally,
at postural rest position. EMG determined minimum muscle activity position coincides with a
slight opening of the mandible, which for the masseter muscle, in healthy individuals, was found
to be approximately one quarter of maximum mandibular opening(5.5mm-22.5mm)69.
Furthermore, to generate lower EMG values during jaw opening, than those at clinical rest
position, biofeedback-based guidance was found to be helpful 70.
When rest EMG in subjects with different vertical craniofacial characteristics were evaluated, no
distinct patterns of activity for the masseter and temporalis muscles during rest were found 71.
1.5.2 Chewing

EMG has been used to identify differences in chewing patterns between individuals 72. Healthy
individuals have a preferred chewing side, chewing more on either the right or left side 73.
Measurement of EMG activity from the bilateral masseter muscles may be a useful method for
the objective determination of the actual chewing side during mastication 74. During mastication,
there is increased muscle activity when chewing hard food compared to soft. This activity
gradually decreases during the masticatory sequence 54, 75, 76. Chewing hard food not only results
in increased EMG activity, but an increased duration of muscle contraction (both chewing time
and the number of masticatory strokes) 77. Peak and root mean square (RMS) estimates of
masseter muscle activity were found to significantly vary according to both food volume as well
as size of food particles and greater changes were associated with food volume 78.However
masseter muscle activity was less influenced by food texture, unlike the temporalis muscle 79.With
regard to gender, chewing in women, in general, occurs more slowly, and the consistency of food
exerts a mild overall influence differences of chewing 80.
7

1.5.3 Maximum Voluntary Contraction

Maximum voluntary contraction (MVC) is a standardised, objective and sensitive tool for the
measurement of muscle strength and is also the reference contraction to which EMG recordings
are generally normalized81. The measure can be a maximal exertion of force reported as force
(E.g., Newtons) or as a moment around a joint (E.g., Newton-meters).
The Percent Maximum Voluntary Contraction (%MVC) is the percentage ratio of the applied
force (as either a force or a resulting moment on a joint) to the MVC for the same muscle group
in the same posture and expressed in the same units. Relative strength of muscle activity is
expressed as %MVC enabling comparison of the muscular activity between subjects, rather than
using absolute values.
Placing suitable bite force transducers between teeth is a direct method for measurement of bite
force

82, 83

. This direct method of force assessment appears well suitable for submaximal forces,

and several limitations have been reported for the recording MVC 84. EMG activity during MVC
is an alternative method to indirectly estimate bite forces using another physiologic variable
known to be functionally related to force production

82, 85

. EMG activity during MVC may be

considered a useful approximation of maximum bite force

86

.Simultaneously recorded

submaximal bite forces and surface EMG potentials of mandibular elevator muscles have shown
a linear relationship with maximum bite force estimates being repeatable on a short-term basis87.
Age and gender are associated with structural and functional alterations in the muscles of the
stomatognathic system. With regards to age, variations in maximum bite force reflect the
comparisons seen in other skeletal muscles. In children there is an increase in maximum occlusal
bite force with age88. However, with continued aging, the strength of adult mandibular elevator
muscles (assessed using EMG values in MVC) decreases, with the masseter muscle having the
most pronounced reduction in strength.
Gender has been found to be a significant factor associated with maximal bite force and it is
generally accepted that bite force is higher in men than in women89-91 which is likely due to
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muscular or tooth size differences between them 90. However, one study failed to observe
maximum bite force differences based on gender 92.
Vertical dimensions of the craniofacial skeleton are negatively correlated to bite force, as
estimated using muscle thickness and EMG of the elevator muscles 28. However, habitual activity
of masseter muscle in the natural environment is not influenced by the vertical craniofacial
morphology 93.
Occlusal stability (the equalization of the occlusal contacts that prevents tooth movement after
mandibular closure; refers to the tendency of the teeth, jaws, temporomandibular joints (TMJ),
and muscles, to remain in an optimal functioning state) and mandibular elevator muscles action
(determined by maximal bite force) show a positive correlation 94. With an increased number of
teeth, EMG activity in MVC and occlusal stability also increases 95.

1.6 MASTICATORY MUSCLE DYSFUNCTION

Masticatory muscle disorders can occur in isolation or frequently in combination with other
temporomandibular disorders (TMD). Although TMD may also be joint related, or arthrogenous,
muscle-related, or myogenic TMD is the more common form 96, and involves functional
alterations of the masticatory muscles. Symptomatic TMD patients have reduced masticatory
efficiency and their masticatory muscles fatigue easily when compared to healthy subjects97, 98.
Masticatory muscles of TMD subjects evoke reduced electric activity69,

98, 99

and significantly

reduced maximum bite force 100.
1.6.1Muscle rest position

In subjects with TMD there is lack of clarity regarding the EMG rest position. Some researchers
have failed to determine an actual ‘resting zone’ of muscle 69, whereas others concluded that the
minimum masseter muscle EMG activity was seen at 8.45 mm of mandibular opening

101

.

Significant temporalis muscle activity at postural rest was found in subjects with
temporomandibular disorders and orofacial pain
9

102

.

Strong postural activity in the masseter

muscles was found to be associated with pain in the cheek and tenderness of the deep part of
the muscle 103. After TMD treatment, when followed up, this same group showed a significant
average reduction in postural activity at rest in both the temporalis and masseter muscles together
with a highly significant reduction in symptoms from both pairs of muscles 103.
Masseter muscle EMG recordings have also shown higher levels of postural rest activity in subjects
with orofacial pain and mandibular dysfunction104, 105. However, there is a lack of consensus
regarding resting EMG in TMD subjects , as research, on one hand, has found little support for
clinically significant differences in resting EMG in patients with myofacial pain compared to
matched controls 106; on the other hand significantly higher resting activity has been observed in
subjects with pain (myofacial and neuropathic) compared with disc derangement or
asymptomatic control groups 107.
Furthermore, a review 108 on the validity of diagnostic and monitoring test for temporomandibular
disorders concluded that EMG lacks the ability to discriminate between patients and non-patients
groups, when the cut-offs suggested by the instrument manufacturers are used. The review
summarised that using resting EMG for temporomandibular disorders assessment had a sensitivity
of 0.89, a specificity between 0.0 - 0.19, and a positive predictive value of 0.13. Interestingly, the
review also highlighted the methodological problems of recording surface EMG in masticatory
muscle disorders. This included controlling for parameters such as age, sex, facial form, skin
thickness, the muscle under study, electrode position over the muscle belly, and history of
bruxism or other forms of exercise, before comparing absolute EMG levels. Manufacturers of the
sEMG devices ignore and supply cut-off values for resting activity that are the same for all muscles
in all people. In addition , the faces of chronic pain patients, even if the pain is elsewhere, express
both their pain and depression, and this can increase the EMG signal coming from muscles of
facial expression that lie between the surface electrodes and the masseter or temporalis muscles.
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1.6.2 Chewing

Chewing side predominance is thought to be related to TMD and TMJ disc displacement 109, 110.
A lack of co-ordination between the working and balancing sides during unilateral chewing is seen
in TMD patients111, 112. Studies that evaluated the frequency of chewing found no statistical
difference between TMD and control groups111-113 and with respect to chewing efficiency,
research suggests that TMD did not have a significant impact

114

. Comparing the muscular

activation during chewing between TMD patients and control subjects shows conflicting results
with one study finding greater values of muscular activation and a higher activation of temporalis
muscle compared with the masseter in TMD patients 115, and another finding no significant
differences 116. Similar conflicting results were found in studies111-113 evaluating activity / cycle of
chewing. Only one found significantly higher values of activity/cycle in the TMD group than the
control group 111. The symmetry of muscle activation during chewing also did not differ between
TMD and control groups112,

113

. A recent systematic review assessing chewing dysfunction

measured by sEMG, and its association with TMD, failed to confirm a conclusive association
between TMD and chewing dysfunctions in adults when parameters of sEMG were analysed 117.
1.6.3 Maximum Voluntary Contraction

In TMD subjects, both indirectly estimated bite force based on electromyographic investigations
of temporalis and masseter muscles, as well as direct bite force measurements show reduced
strength during maximal biting100, 112, 118, irrespective of the clench being ipsilateral or contralateral
to the side of greatest pain 119.Clenching is defined as clamping the teeth together firmly and
tightening the jaw muscles 120 .During clenching in MVC, muscle activity was lower in myogenous
TMD subjects than normal subjects and with sEMG of masticatory muscles an objective
discrimination between different non-overlapping RDC/TMD(Research Diagnostic Criteria for
Temporomandibular Disorders) subgroups was possible 121. On the other hand, there are studies
which evaluated MVC in TMD subjects and failed to find significant differences in this parameter
in comparison to control groups111, 113, 122. Recently, masticatory muscles of women with chronic
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TMD myalgia were found to produce a significantly greater muscular work during standardised
clenching. These findings suggest that in myogenic TMD patients, more muscle fibres are recruited
and required to work harder, to perform the same clenching task 114.
An extensive critical review 123concluded that no evidence exists in favour of increased jaw-closing
muscle EMG activity in both clinical and experimental studies of craniofacial muscle pain. The
review further concluded that both maximal EMG activity and voluntary occlusal force appear to
be reduced in patients with TMD.
Diminished maximal electric activity in the temporalis muscles has also been demonstrated in
chronic headache patients 124. Pain, per se, does not reduce EMG levels during maximal voluntary
contractions of mandibular elevator muscles125,

126

. In addition, EMG failed to confirm any

detectable difference during clenching activity between jaw muscles of the painful and non-painful
sides in patients with unilateral myofascial pain127.

1.7 MASTICATORY MUSCLE ACTIVITY IN MISCELLANEOUS ORAL FUNCTIONS

In addition to mastication, orofacial musculature is involved in other functional activities of the
stomatognathic system including swallowing, yawing, speech, coughing and sneezing. Of these
activities, swallowing and speech have been extensively investigated using sEMG.
For studying swallowing sEMG methods are derived from the known physiological events of the
oropharyngeal phase, which are amenable to clinical EMG techniques 128. sEMG has been used to
identify the occurrence of swallowing129, describe swallowing physiology130, teach patients swallow
manoeuvres and treat impaired swallowing function in dysphagic patients 131.
Indeed, research has demonstrated a significant difference in EMG activity from the submental
muscle group between subjects with a normal swallow and the Mendelsohn manoeuvre ,
indicating that EMG at this location can successfully be used to differentiate between these two
conditions 132. Research has demonstrated that both experienced and naïve judges are able to
identify swallows from sEMG graphic traces with acceptable accuracy and reliability. Furthermore,
12

based on the relatively high sensitivity and positive predictive values , it was suggested that the
normal swallow presents a robust and somewhat distinct sEMG signal that is fairly easy to
distinguish from background sEMG activity 133.
There is an accumulating body of research in which sEMG is used for assessment and
rehabilitation of speech. sEMG has been used to study and rehabilitate respiration and speech
breathing 134;voice 135 ;swallowing 136; and speech articulation 137.

1.8 ORAL PARAFUNCTION

The term oral parafunctional behaviours collectively refers to behaviours different from those
required for, or associated with, expected jaw functional demands such as mastication,
swallowing, speech, or breathing138. Orofacial activities beyond the functions of chewing,
swallowing and speech are broadly termed oral parafunctional behaviours

139

. Some oral,

masticatory and facial behaviours involving hyperactivity of masticatory muscles are characterised
by repetitive actions that do not serve any functional purpose. The resulting aberrant occlusal
forces are applied to the teeth for prolonged periods, often with detrimental consequences to
orofacial structures and dental restorations. Oral parafunctional behaviours are usually harmless,
but when their frequency or intensity exceeds the limits of physiologic tolerance, they can be
detrimental to teeth, muscles & joints

140-144

. Oral parafunctional behaviours like clenching the

teeth during the day, or holding the jaw rigid are a strong predictor of TMD.
Bruxism is an oral parafunctional activity that has been widely investigated145-151. With improved
understanding, the definition of bruxism has evolved over time. In 2013 an international group of
bruxism experts consensually proposed that bruxism is “a repetitive jaw activity” which can occur
during sleep (sleep bruxism-SB) or during wakefulness (awake bruxism-AB)146. Five years later, it
was argued that AB is a masticatory muscle activity which occurs during wakefulness and is
characterised by repetitive or sustained tooth contact and / or by bracing or thrusting of the
mandible152.
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Current evidence favours different mechanisms underlying sleep versus awake oral parafunctional
behaviours. SB is related to sleep architecture and in particular to microarousal149, 153 while awake
oral parafunction is most likely a behaviour related to psychosocial factors such as stress, anxiety
and depression154-156. Some findings have associated awake oral parafunctional behaviours with
the development of adjunctive behaviours and deficits in proprioceptive awareness. Interestingly,
SB and awake oral parafunction also differ in the way the masticatory muscles contract. SB is
characterised by medium intensity contractions that last, on average,10-15 sec157, 158 while awake
oral parafunction has longer-lasting, low-intensity contractions159.

1.9 EPIDEMIOLOGY OF AWAKE ORAL PARAFUNCTION

Making an accurate estimation of oral parafunctional behaviours especially when awake is
challenging since individuals are typically unaware of the behaviour and therefore self-report is
unreliable160. Further issues complicating accurate epidemiologic estimates include; the diversity
of diagnostic strategies, non-representative samples, and the many comorbid conditions
associated with oral parafunctional behaviours161.
A diagnostic grading system of ‘possible’, ‘probable’ and ‘definite’ sleep or awake bruxism was
recently suggested for clinical and research purposes146. The authors suggest that ‘possible’ SB or
AB should be based on self-report, by means of questionnaires and/or the anamnestic part of a
clinical examination. ‘Probable’ sleep or awake bruxism should be based on self-report plus the
inspection part of a clinical examination. ‘Definite’ sleep bruxism should be based on self-report,
a clinical examination, and a polysomnographic recording, preferably along with audio/video
recordings. However, studies often fails to make a clear distinction between “possible”,
“probable”, and “definite”, SB or AB.
Studies investigating the prevalence of awake parafunctional activity in children and adults are
scarce and report a wide range (5%-25%). The prevalence does tend to be higher for women
and decreases with age145, 161-163. The estimated prevalence of awake oral parafunction based on
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self-report questionnaires in adults was found to vary between 22% and 31% 161. Interestingly,
prevalence studies that assessed both AB and SB, found AB percentages were nearly twice as
high as SB164-166although the opposite has also been reported 163.
Studies from different geographic regions using questionnaires to assess “possible” AB have
reported varying prevalence of 5% 163, 20% 164, 22.1% 165and 31% 166. The reported prevalence of
“probable” AB in undergraduate students was greater, at 61.9%, occurring mainly during periods
of mental concentration, tension or anxiety167. No prevalence studies for “definite” AB were
found in our literature search.
Awake oral parafunctional activities in the form of non-functional tooth contacts were recorded
in more than one third of subjects with myogenous facial pain(34.9%) 168 and TMD (35%)169 based
on their real-time responses to ecological momentary assessment (EMA) (reviewed in detail
later). Using a EMA based approach, preliminary data from two separate time periods suggest
that tooth contact (11% and 20%) and mandibular bracing (13% and 14%) are the most frequent
awake oral parafunctional behaviours

170

. A recent study found some form of awake oral

parafunctional activity even in healthy volunteers (28.3%)171.
In a multi-ethnic population of children and adolescents seeking orthodontic treatment, 12.4%
reported teeth clenching of which a majority (78.6%) were adolescents 172. In a relatively large
sample (2,347) of Israeli adolescents, 34.5% reported AB, and 7.3% reported both SB and AB 173.
When adolescents with self-reported tooth grinding and clenching were followed until adulthood,
the frequencies of both clenching and grinding was found to increase from 13.7% to 21.7% and
from 9.2% to 14.8%, respectively 174. Parafunctional habits during adolescence may therefore be
a predictor for ongoing habits of increased frequency in adulthood. Hence, it is important to have
a better understanding of awake oral parafunctional activity, both the underlying biologic
mechanisms as well as the extent of association of with musculoskeletal signs and symptoms.
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1.10 BIOLOGICAL MECHANISMS UNDERLYING AWAKE ORAL PARAFUNCTION &
MYOGENIC TMD

A substantial step forwards in the understanding of TMD aetiology has was the “Orofacial Pain:
Prospective Evaluation and Risk Assessment” (OPPERA) study 175 that evaluated risk factors for
the onset of TMD in 2737 participants who were followed for 3 years. This study highlighted the
multifactorial aetiology of TMDs, i.e. they result from an interplay of several different factors
consistent with the biopsychosocial model of disease. The OPPERA study also showed that oral
parafunction (e.g. clenching the teeth during wakefulness or holding the jaw rigid) was the single
most significant predictor of TMD176, confirming the results of previous studies consistently
showing that self-reported tooth clenching are associated with myogenous TMD pain177, 178.
That awake oral parafunction can be considered a risk factor for myogenous TMD is supported
also by the observation that prolonged submaximal muscle contractions are observed in TMD
patients. For instance, research has reported more frequent tooth contact and a higher intensity
of contact in patients with TMD-related pain than in pain-free subjects 179. Tooth contact during
wake-time occurs infrequently (i.e., < 20 min while awake) in healthy subjects 139 whereas in
subjects with TMD pain, tooth contact increases during awake time. Similarly, non-functional
tooth contacts were nearly four times more frequent in patients with masticatory muscle pain
than in controls168.Moreover, subjects with wake-time parafunction have a 4-5 times higher risk
of developing masticatory muscle pain than individuals without it

141, 142, 180

. However, there was

only an apparent low association between self-reported bruxism/wake-time parafunction and
painful TMD 181. Although it is possible that in the aetiology cascade, sleep bruxism and awaketime parafunction are not independently associated but interact additively, i.e. the presence of
each one amplifies the effect of the other one

180

recent observations seem to favour the role of

awake-time parafunction in the aetiology of TMD.
Repetitive, long-lasting, low-level muscle contractions, as they likely occur also during awake-time
parafunction in myogenous TMD patients, are a significant risk factor for work-related muscle
16

pain 40.It is hypothesized that during these muscle contractions small (Cinderella) motor units
become fatigued and damaged leading, in turn, to a localized inflammation with release of
inflammatory mediators, which sensitize the muscle nociceptors182. In healthy individuals these
changes usually resolve without acting as a trigger for longer lasting and self-perpetuating
masticatory muscle pain183, although opposite results have also been reported 184.
Independently of these seemingly contradictory results, awake oral parafunction alone is not a
sufficient cause to trigger a clinical condition. Whether it will lead to muscle overuse and
persistent pain likely depends upon the interplay of local (the frequency of long-lasting muscle
contractions, the capacity for motor units substitution or rotation, the flexibility in spatial muscle
activation and the adaptation capacity of the muscle tissue), genetic and psychosocial factors
(fear-avoidance beliefs, somatization, anxiety and catastrophizing), that are involved in the
individual adaptation/modulation of pain conditions as reported by the OPPERA study 175 .
Electromyographic recordings of muscle activity when awake also indicate an association between
painful TMD and masticatory muscle activity. Female patients with masticatory myalgia had an
increased frequency of awake-time muscle contractions compared to healthy females during
mental and practical ability tasks185. A series of daytime recordings using portable EMG recorders
in which the activity of the masseter and temporal muscles were recorded in the natural
environment during awake-time reported an overall longer contraction time in patients with
TMD (with or without pain) than in controls. The largest difference was found to be for lowintensity contractions 186-188. Also in subjects with self-reported awake-time clenching, the largest
number of contractions episodes are of low intensity159. It must however be underlined that
association does not mean causality. To indicate a cause-effect relationship the association must
fulfil several conditions as reported by Hill 189 .
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1.11 ASSOCIATION OF AWAKE ORAL PARAFUNCTION WITH MUSCULOSKELETAL
SIGNS AND SYMPTOMS

A recent systematic review168 attempted to verify the extent to which awake oral parafunction
was associated with musculoskeletal signs and symptoms. It negated the presence of a direct
linear causal relationship between bruxism and such symptoms, but indicated there may be a
multi-faceted relationship dependent on the presence of other risk factors. Emotional stress,
consumption of tobacco, alcohol, or coffee, and anxiety disorders were identified as important
risk factors among adults and in children / adolescents, apart from distress, behavioural
abnormalities and sleep disturbances were identified as predominant risk factors 190 .
For a clear and structured overview of all outcomes ,the recent systematic review 191, grouped
all musculoskeletal signs and symptoms into six mutually exclusive categories, namely
1.

Functional signs and symptoms: TMJ sounds (e.g., clicking, arthrosis/ crepitation), discrelated (i.e., when a specific disc-related diagnosis was set by the authors, such as disc
displacement), dysfunction (e.g., deviation, restriction, locking, luxation of the mandible)

2.

Muscle pain or non-painful muscle symptoms (e.g., tenderness, soreness, fatigue, based on
self-report and/or clinical examination)

3.

TMJ pain or non-painful TMJ symptoms (e.g., tenderness, soreness, based on self-report
and/or clinical examination)

4.

Function-related pain (e.g., pain only on movement or due to mastication)

5. Oro-facial pain involving musculoskeletal structures, not fit for categories above (e.g.,
combination of muscle and joint pain, combination of pain with dysfunction) and/or pain
characteristics (e.g., intensity)
6. Structured TMD diagnoses based on a diagnostic system other than RDC/TMD or
DC/TMD
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The systematic review also categorised musculoskeletal signs and symptoms based on different
methods of assessment (reviewed in detail later) as well as in adults and children / adolescents
and a similar outline has been followed below.
1.11.1 Self -report based studies
1.11.1.1 In adults

Functional symptoms: No association was found between “popping or clicking jaw sounds” and
awake clenching or grinding192. Awake clenching or grinding was a significant risk factor for
RDC/TMD diagnosed disc displacement141. A negative association between self-reported daily
clenching of the teeth and restricted mandibular movements, or “TMJ dysfunction” was reported
193

, while a positive association was seen between AB and “TMJ locking” 194.

Muscle symptoms: Awake clenching or grinding was associated with the presence of RDC/TMD
diagnosed myofascial pain 141.
TMJ symptoms: No association was seen between awake clenching or grinding and RDC/TMD
diagnosed arthralgia, arthritis, or arthrosis 141.
Function-related pain: TMJ pain on jaw movement was found to be related to AB194.
Orofacial pain: Teeth grinding during waking hours was associated with the presence of recent
orofacial pain178, 195. A positive association was found between AB and RDC/TMD diagnosed
TMD pain196.
1.11.1.2 In children and adolescents

Functional symptoms: An association between self-reported AB and “TMJ sounds,” has been found
in children172, 197-199. One study found the association to be specific to children living with their
parents, but it was absent for children living in child protection institutions 200. Clinically diagnosed
“TMJ sounds” were not related to self-reported AB201. RDC/TMD diagnosed anterior disc
displacement with reduction was not associated with AB 202. Self-reported “TMJ locking” and
RDC/TMD assessed anterior disc displacement with intermittent locking were associated with
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self-reported AB172, 202 , on the other hand, no relation was found between self-reported “locking,
catching, or open-lock” and self-reported AB 199. “Range of mouth opening” was not associated
with AB172, 199, , it was, however, associated with “difficulties in mouth opening” 198. An association
between self-reported AB and “limited lateral mandibular movements” was also seen172.
Muscle symptoms: “Jaw muscle fatigue upon awakening” was found to be associated with selfreported AB 172. Similarly, an association was found between AB and reporting “pain or tiredness
in the masticatory muscles,” for children living in child protection institutions, but not for those
living with their parents. Palpation-induced masticatory “muscle tenderness” was associated with
self-reported AB in both groups of children200.
TMJ symptoms: An association between self-reported AB and palpation-induced “TMJ tenderness”
in a group of children living in child protection institutions existed, but not for those living with
their parents 200.
Function-related pain: No association was found between “tiredness in the jaw while chewing”
and “pain in the jaw near the ear while chewing” 199.
Orofacial pain: RDC/TMD diagnosed TMD pain was associated with awake bruxism203. “Orofacial
pain”

197

and “Jaw fatigue” 198 were also found to be associated with AB 197 but “pain in the jaw or

face at rest” 161 was not associated with AB.
1.11.2 Instrument based studies in adults

Functional symptoms: Disc displacement was associated with AB as a function of proportion of
wake-time with teeth in contact, intensity of tooth contact, and tension in jaw, face, or neck 179.
Muscle symptoms: A positive association was found between RDC/TMD diagnosed myofascial
pain and myofascial pain and “effort,” that is, a composite variable, estimating the intensity of
tooth contact in combination with the proportion of time in contact179. Similarly, an association
between myofascial pain and wake-time non-functional tooth contact frequency was found 168.
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Orofacial pain: The combination of RDC/TMD diagnosed myofascial pain and TMJ arthralgia were
found to be associated with proportion of wake-time and intensity of tooth contact

179

.

Participants reporting pain showed a significantly higher incidence of sustained tonic EMG
episodes (i.e., episodes lasting >13.65 seconds) and a significantly higher incidence and total
duration of sustained, low-intensity tonic EMG episodes 204. A detailed understanding of the
different modalities for the assessment of masticatory muscle parafunction is crucial for diagnosis
and successful treatment outcome.

1.12 ASSESSMENT OF MASTICATORY MUSCLE PARAFUNCTION

Identifying awake oral parafunctional behaviours in the natural environment is difficult due to a
tendency for it to be unobservable in others and a propensity for it to occur beyond conscious
awareness. Assessment of awake oral parafunctional activity is acquired using either self-report
techniques (interview and / or questionnaire based) which may be supported with a clinical
examination, or instrumental approaches that include EMG. Self-reports are either recall-based
or real-time.
1.12.1 Self-reported recall based

The Oral Behavior Checklist (OBC) is a recall-based checklist that includes multiple oral
behaviours. The OBC is a validated questionnaire used to assess the presence of self-reported
parafunctional habits205 and is part of the Diagnostic Criteria for Temporomandibular Disorders
206

. The OBC is a 21-item questionnaire, employing five response options (0-4) which yields a

cumulative score ranging from 0 to 84 depending on the self-perceived frequency of various oral
behaviors. A score above 25 is considered a risk factor for the onset of TMD. The psychometric
properties (validity) of OBC were tested in Dutch and found to be good. The same study found
no significant correlation between OBC scores and intensity of facial pain 207.
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1.12.2 Self-reported real time based

Assessment of awake oral parafunction typically relies on global recall based self-reports collected
at research or clinic visits, which are limited by recall bias and are not well suited to address how
behaviour changes over time and across contexts. EMA involves repeated sampling of subjects’
current behaviors and experiences in real time, in their natural environments. EMA has been used
in the past168, 179 and is experiencing renewed interest170, 208, 209 in the measurement of frequency
and intensity of awake oral parafunctional behaviours. One interesting study compared oral
parafunctional behaviors via the OBC with in-field reports of oral parafunction measured via EMA
and concluded that OBC is a reliable and valid way to predict behaviors in the natural
environment and will be useful for further pain research210.
EMA aims to minimize recall bias, maximize ecological validity, and allow study of microprocesses
that influence behaviour in real-world contexts. EMA studies assess particular events in subjects’
lives or assess subjects at periodic intervals, often by random time sampling, using technologies
ranging from written diaries and telephones to electronic diaries and physiological sensors211.
EMA involves reminding a subject several times over the study period to report the presence /
absence of a behavior. A similar approach ; experience sampling methodology (ESM) has been
used to collect data on pain, oral behaviours and emotions by paging subjects approximately
every two hours when awake 144. These approaches allow subjects to recall behaviours close to
the time of occurrence, therefore decreasing recall bias, however, shortcomings still persist 212, 213.
Despite the proximity in time to the experience, the subjectivity of self-report can introduce
intra-and inter-individual reliability bias214. EMA/ESM may fail to paint an accurate and detailed
picture of masticatory muscle activity throughout the day.
1.12.3 Instrument based

Instrument based lab studies have also researched awake oral parafunction. In particular, the role
of stress on masticatory muscle activity has been investigated . Research found that emotional
stress not only influences the rest activity of the masticatory muscles, but also has an effect on
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the functional muscle activity. The authors also found that changes in the EMG activity seemed
to be related to the degree of helplessness 215. Research has noted that different patterns of
increased EMG activity in masticatory muscles as well as increased incidence of tooth contact at
intercuspal position under continuous stress conditions. In addition, during stress, TMD subjects
were found to be most accurate in their awareness of facial muscle activity and least accurate in
the non-stress periods thereby providing a mechanism for understanding clinical observations
showing that TMD patients with myofascial pain engage in high levels of parafunctional oral activity
without awareness 160.
Interestingly, lab based research 216 has shown that approximately 50% of orofacial behaviours
occur closely with body movements. This study also noted that 55% of masseter EMG bursts
detected were associated with functional orofacial behaviours, while the remaining were nonfunctional. More than 80% of these masseter bursts were found to last for less than 2 seconds,
with an activity less than 20% of MVC. This study concluded that asymptomatic subjects can
exhibit substantial masseter bursts when awake that are not associated with functional orofacial
behaviours.
When two groups of subjects , one having a tooth-clenching habit and another who were not
aware of any such habit were studied in the lab 217 , no differences between the groups with
respect to the number of functional oro-facial behaviours or subjective psychological/sensory
measures were detected. Masseter bursts unrelated to functional oro-facial behaviours occurred
more frequently in subjects with awareness than in those without, while neither burst activity
%MVC nor duration differed between the groups suggesting that increased masseter activity in
subjects with tooth-clenching awareness is characterized by a specific increase in non-functional
masseter bursts.
Objective measures of oral habits via behavioural observation and masseter EMG recordings
were used in a lab based study 177 that found negative arousal to significantly increased during the
performance of fixed-time tasks , associated with increased oral habits among the TMD subjects.
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Moreover, 40% of the TMD subjects were found also exhibited a pattern of EMG elevations in
the early part of the interval between stimuli .Summarising their findings the authors suggest that
the TMD subjects engage in schedule-induced oral habits.
With recent advances in miniature sensors, there has been an increase in the use of instrumental
techniques to understand oral function218, 219 and parafunction 220 in the natural environment,
outside the confines of the lab. Instrumental approaches to studying jaw function have historically
included either sEMG of masticatory muscles or jaw motion tracking
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, with occasional

integration of both.
With instrument-based approaches, real-time EMG is the theoretical reference standard for
studying AB214 and understanding long-term oral parafunctional behaviors222. Clinical or in-vivo
studies using equipment for objectively measuring and understanding oral function and
parafunction as they happen in real-life settings are lacking. One of the major limitations of current
recording equipment is size. sEMG equipment can be categorized as either stationary, wired
portable or wireless portable. Most wireless portable equipment still requires additional receiver
units which are bulky, obtrusive and inconvenient to carry during the day. The portable equipment
for long term sEMG of masticatory muscles is discussed in greater detail in the following section.

1.13 PORTABLE MASTICATORY MUSCLE sEMG

Objective, accurate and reproducible data on muscle contractions (frequency, intensity, duration)
and oral behaviours can be acquired using sEMG, over extended periods of time. In comparison
to stationary lab or hospital based equipment 223, few studies have used portable equipment and
as a result there is limited data on objectively recorded masticatory muscle sEMG during waketime in the natural environment.
Historically it can be seen that most portable equipment has been used in SB research . This may
possibly be due to the reduced amount of body movements that occur during sleep in
comparison to when awake. Despite their wired and obtrusive nature the use of portable
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equipment despite continued over time as restricted motion during sleep did not affect the
quality of recordings to a great extent. However, only recently has the use of portable equipment
been extended into awake oral parafunction research. This has been largely due to the lack of
unobtrusive wireless recording equipment that can be used in real-life settings.
The introduction of a portable EMG integrator was initially described in the literature in the mid
1970’s 224. Portable EMG integrator units with bipolar surface electrodes were mainly used in
nocturnal muscle activity studies in the 1980’s 225, 226.
In the mid-1990’s, using a portable EMG recorder, termed the bio-signal recorder (BSR),
parameters allowing recognition of different oral activities based on long-term EMG were defined
227

.The BSR was also used to study nocturnal masseter sEMG activity in healthy subjects in natural

settings228and masseter sEMG of a male bruxer overnight simultaneously with polysomnography
(PSG)229in the late 1990’s. The study using BSR and PSG simultaneously found that both
techniques detected the same bruxism episodes, thus supporting the use of portable recorders
for observing EMG of oral motor activity. Later on, in the mid-2000’s, the BSR equipment was
used to monitor masseter muscle activity of subjects with different craniofacial morphology in
the natural environment for 8 hours and the study concluded that habitual activity of the masseter
muscle in the natural environment was not influenced by vertical craniofacial morphology93.
In the latter half of the 1990’s a wired portable 24-hour EMG recording system was to record
and analyze changes before, during and after orthodontic treatment in an adult male 230. The study
found that the number of masseter muscle bursts decreased during arch wire adjustment in the
initial levelling period followed by a recovery to near the original preactivation level within a few
weeks. No remarkable changes were observed in the latter half of treatment but a decrease in
masseter muscle activity was identified at the time of appliance removal. Six months after
treatment masseter muscle activity returned to pretreatment levels. Another study using the
same 24-hour EMG recording system observed that the number and total duration of masseter
EMG activity bursts during the whole day was greater in children than adults with no significant
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difference between genders231.This study also reported that, in both children and adults, the
highest amplitude bursts of masseter muscle activity coincided with meal times. The 24-hour
EMG recording system was subsequently used to examine the relationship between masticatory
muscle EMG activity and vertical facial type. The first study 232 found that the masseter, temporal,
and digastric muscles perform low-amplitude bursts of activity during the day, which may be
related to vertical craniofacial morphology. The next study
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extended the sample to include

children and found similar low amplitude bursts of activity in the same muscles, with a significant
relation between masseter and digastric activity and vertical craniofacial morphology in both
adults and children. Children exhibited an increased duration of temporalis muscle activity,
whereas in adults the masseter muscle activity was of greater duration during the daytime.
In the early 2000’s a portable digital EMG recording device was used to record bilateral masseter
and anterior temporal muscle activity in daily life. The study concluded that quantitative EMG
analysis could estimate and evaluate masseter EMG activity in usual daily life by reducing the
influences of electrode relocation
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. The same portable digital EMG system was used to

investigate muscle EMG activity with and without the use of a myofunctional appliance (activator)
during daytime and sleep, and focus on the changes in muscle activity produced by the daytime
use235. The study reported that muscle activity was lower during sleep than during daytime,
irrespective of the use of the activator. In sleep-time, temporalis and digastric muscle activity were
significantly decreased, although masseter muscle activity presented no significant differences.
With the activator in use, the digastric muscle activity tended to increase in comparison with the
elevator muscles during daytime and sleep.
Another study in early 2000, used a portable unit similar to the portable EMG integrator units of
the 1980’s, it concluded that although reliable, the portable EMG unit had substantial deficiencies
when used in subjects with oral prostheses236.
In the latter half of the 2000’s, a cordless EMG measurement system was described that consisted
of 2 transmitter units and 1 receiver unit. Data acquired using this system during different oral
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activities was compared to EMG measurements obtained by a conventional polygraph system
and no significant differences were detected. No signal artifacts were observed when the distance
between transmitter and receiver was 100cm or less 237. Around the same time period, a small
electronic electromyographic device was designed to screen masseter EMG activity that indicate
SB. Validation of this device against traditional masseter EMG activity was performed, with
acceptable sensitivity and positive predictive values238. When the same device was validated
versus PSG in the diagnosis of patients with a history of SB, it was found to be a moderately
accurate screening tool for diagnosis of SB
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. Following this, the device was used in an

experimental clinical study evaluating the effect of a mandibular advancement appliance in SB
subjects 240.
In 2007, a portable EMG device consisting of a display, two recording channels, a keyboard, wires
for electrode connections, and a cable for data transmission to a computer was used to record
masseter EMG activity during sleep to study the effect of a dental appliance used to relieve TMD
symptoms. The study found a strong inhibitory effect on EMG activity during sleep with the use
of the dental appliance
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. The following year the same group of researchers produced an

advanced version of a portable EMG device, which was placed around the forehead, with
electrodes near the temporalis muscle. The device was designed to record EMG, process the
signals to detect a particular activity (e.g. tooth grinding or tooth clenching) and provide
biofeedback based on battery powered electrical stimulation
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. This portable EMG biofeedback

device was used in conjunction with PSG in subjects with self-reported SB, and sleep parameters
were found to be unaffected by major arousals when contingent electrical stimulation from the
device was at non-painful intensities 242. New and improved versions of this ambulatory EMG
device have been proposed as a valid option in SB assessment 243 with a low to modest diagnostic
validity
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. Interestingly, in children, the masticatory muscle activity findings using the device and

from PSG assessments were not correlated as far as the number of muscle contraction episodes
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were concerned 245. However, the device has been reported to reduce the level of nocturnal
parafunctional activity and bring about symptomatic improvement
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.

Towards the end of 2000, an ambulatory bruxism recording system capable of sleep stage analysis
was developed. The whole system was transportable within a case and weighed 5 kgs. This system
used a portable EMG system for bilateral masseter EMG recording in addition to sound,
temperature, pulse wave and triaxial accelerometry. With this system the relationship between
masseter EMG activity, sound activities and sleep-stage could be simultaneously analysed
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.

In 2011, a portable single channel recording system was described that used electrodes over the
anterior temporalis muscle and hid the device behind the ear, akin to a hearing aid, to reduce
visibility and permit measurements without interfering with daily life. Using this device, daytime
clenching was shown to be associated with a tendency towards anxiety. The total muscle activity
in the clenching group was 3.5 times greater than non-clenchers156. The same device combined
with audio-based biofeedback as a treatment strategy, reduced daytime clenching in the shortterm under natural circumstances248. Tests using the device for a period of 5 hours, together with
self-report data, found acceptable agreement between the techniques, concluding that selfreported daytime clenching is a reliable screening parameter for AB
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.

A telemetry EMG recording device was then developed and compared with standard sleep PSG
with synchronized audio-visual recording. The device was found to be highly sensitive at detecting
rhythmic MMA but obtained a high rate of false positives due to frequent oromotor activities
and transient wake periods during sleep. It was concluded that newer algorithms are needed to
improve the validity of the device
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.

A compact portable device recorded sleep time masseter EMG activity using bipolar concentric
electrodes in conjunction with ECG in subjects with SB. Concentric electrodes, as they are
isotropic, are invariant to rotations, with respect to positioning overlying the muscle of interest.
The study concluded that the conjoint analysis of a portable EMG portable system along with
ECG can support a clinical diagnosis of bruxism

250

28

. The system showed good reproducibility of

SB measurements overtime251. However, research has also reported that findings from clinical
assessment are not related with instrumental SB diagnosis performed with this portable
EMG/ECG recorder 252.
Simultaneous EMG recording using a different portable device in conjunction with a heartrate
monitor over a 4-week period investigated the effects of occlusal splints on SB. Intermittent use
of splints was shown to reduce SB activity for longer periods than continuous use
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.

Further reduction in the cost and size was achieved in a single channel portable system suitable
for long-term EMG recording in the natural environment254. Concentric electrodes invariant to
rotations were also used with this miniature portable system.
A system for masseter muscle EMG recording throughout the day consisting of analog signal
processing and a differential amplification integrated hybrid circuit was used to understand the
relationship between diurnal bruxism and progression of tooth loss. Excessive masseter EMG
activity during wakefulness was shown to have a more destructive effect on the dentition than
masseter EMG activity during sleep 140. The same equipment recorded masseter EMG activity in
subjects with and without a history of orofacial pain for 24 hours, focusing on tonic activity. The
study concluded that tonic episodes (continuous EMG activity of at least 2-second duration with
intensities above twice the baseline noise level) may be correlated with facial pain, and suggested
7.5% - 25% MVC as a range for future clenching studies 204.
Speech is one of the main facial muscle activities to be discriminated from low level clenching,
especially during wakefulness. A reliable portable system to evaluate low-level masseter EMG
activity related to low level tooth clenching while discriminating speech activity has also been
described 255.Practical difficulties associated with sweating and loss of electrode contact were
reported with the use of yet another simple, yet reliable, portable single-channel masseter EMG
activity recording device in patients with acquired brain injuries. This study, suggested that use of
ambulatory EMG devices may enhance our understanding of jaw muscle activity in clinical settings
256

.
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A custom portable recorder was used to log masseter EMG activity over multiple daytime and
night-time periods in subjects with a TMD diagnosis. Masseter and temporal muscle activity were
recorded in the natural environment and an overall longer contraction time was found in patients
with TMD (with or without pain) than in controls. The largest difference was in low-intensity
contractions lasting on average 59 minutes and 20 minutes in patients with and without disc
displacement, respectively 186-188.With advances in technology, an ultra-miniature wearable for fullday masseter EMG activity monitoring 257, a wearable EMG system for real-time seizure detection
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and wireless system for masseter EMG activity259, 260 have recently been reported in literature.

Following the timeline of portable equipment for recording masticatory muscle activity, it is easy
to understand that improvements in computing and miniaturization of electronic components
have played a significant role in development of equipment and contributed to progressive
reduction in size. Numerous innovations, over time, have sustained Moore's law, an observation
that the number of transistors in a dense integrated circuit doubles about every two years261. This
has led to miniaturisation of equipment and improved computational capacity; with the peak of
the rate of change of capacity to compute information being in the late 1990’s 262.
Similarly, advances in the field of data transmission between devices were also seen with portable
EMG recording equipment. A game changer for data transmission was the evolution of wireless
technology for exchanging data between devices over short distances with the arrival of
Bluetooth in the 1990’s. Further improvements in wireless technology led to Bluetooth Low
Energy (BLE), a wireless personal area network technology aimed at novel applications in the
healthcare, without compromising battery/power requirements 263. The speed at which data
processing takes place has also seen phenomenal changes over the years and mass production
has greatly reduced costs . Surprisingly, the developments in the sensing side, especially the nature
of electrodes used in biopotential acquisition have been slow, despite the advances in material
sciences. Presently with the technology at our disposal, it is possible to develop, test and optimise
miniature wireless devices for continuous, long-term recording of masticatory muscle activity.
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Along with the present day smartphone technology, development and optimisation of an
unobtrusive wireless wearable device combined with a data logger smartphone for recording
masticatory muscle activity in real-life settings is possible.

1.14 TRACKING MANDIBULAR MOTION (TMM)

Coupling sEMG with jaw tracking devices provides more information about the correlation
between jaw movements and MMA264, improving our understanding of orofacial function55, 68, 265267

and parafunction 113, 268-270

Historically, mandibular motion has been investigated using different systems, often reflecting
technology of the time. These have included mechanical271, photographic272, electromechanical
273

, photoelectrical274, cinephotographic 275, cineradiographic276, ultrasound277, electromagnetic 278

and magnetic 279, 280 systems. Early graphic methods included tracing devices, that used “clutches”
(a means for attaching the recording device to the patient’s jaws) attached to the teeth. They
were capable of tracing the movement path in two dimensions but were unable to simultaneously
time the movements. Interference of mechanical tracking devices with normal mandibular
function was also a common problem281. Photography and cinematographic techniques later
eliminated the need for the cumbersome “clutches” and allowed calculation of jaw movement
timing, however they were still limited to recording single plane movement data281. A
magnetometry approach was later introduced to sense changes in the magnetic field resulting
from movement of a permanent magnet attached to the lower incisors, permitting reliable
quantitative and reproducible data of TMM in three dimensions282.
Newer systems for tracking motion use electrical measurements from a range of miniature
sensors (mechanical, inertial, acoustic, magnetic, optical or radio frequency) of which optical
284

283,

, inertial 285 and magnetic286 have been successfully employed for TMM.

For example , OKAS-3D is a optoelectronic jaw movement recording system with six degrees
of freedom 283. In OKAS-3D, three pairs of photocells are located on two lightweight frames
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attached to the upper and lower frontal teeth by individually adapted clutches. Using the formulas
of rigid body mathematics, the motion of any point of the mandible can be reconstructed. The
system permits a high sampling frequency and recording of jaw movements with a high spatial
and temporal resolution.
Another optoelectronic system used three infrared cameras together with nine reflective markers
placed at key points of the face284. Classical techniques were used to conduct the camera
calibration, three-dimensional reconstruction and specialized algorithms proposed to
automatically recognize the set of markers and track them along a motion capture session.
A miniaturized wireless inertial measurement unit (IMU) named WB-3 was proposed for
measuring jaw motion

287

. The WB-3 IMU was composed of a 3-axis gyroscope, 3-axis

accelerometer and 3-aixs magnetometer, which could measure acceleration , angular speed of
jaw movement, and mouth opening angle. The updated version, WB-4 used 9-axis inertial sensors
(miniaturized accelerometer, gyroscope and magnetometer) to measure jaw motion285. Data
transmission between WB-4 and computer was based on the Bluetooth module to realize
wireless communication. In addition , the reduced weight and size of WB-4 allowed it to be easily
attached to mandible during normal mastication tests without physical restriction to the subjects.
Recently, the Sunrise system was described 286, a coin-sized hardware embedded with an IMU
that is attached to the chin of the patient in the mentolabial sulcus to enable mandibular motion
sensing and communicate this data to a smartphone application. Collected data on mandibular
movement in the system are automatically transferred to a cloud-based infrastructure at the end
of the recording, and data analysis is conducted with a dedicated machine learning algorithm.
Two permanent NdFeB magnets and 32 elements of a two-axial fluxgate sensor array were used
in a magnetometry based jaw tracking system in which the magnets were attached to a portion
of the head and front tooth 288. The system did not need any attachments to the head portion
or mouth, such as a clutch or magnetic field sensor, except magnets. The proposed system was
applicable for five degrees of freedom and achieved a positional accuracy within 2 mm. For
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recording vertical movements of the mandible relative to the maxilla, a simple system using
accelerometers and a Hall-effect device temporarily glued to the upper and lower anterior teeth
was described289. The accelerometer signals were integrated once to give velocity and a second
time to give position and movements of the mandible relative to the maxilla are obtained by
integrating the difference between the two accelerometer signals. Although, the (relative) velocity
and position records derived in this way are linear, they were found to drift when the jaw was
stationary. This device could record rapid movements of the mandible even when the head is
unrestrained, and interfered minimally with normal jaw movements 290.
As occlusion free measurements are possible with magnetometry based approaches, they are
often used for TMM in ambulatory subjects
lab-based
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267, 287, 289

or during sleep in home290, hospital 291 or

settings. However, in most cases, devices for TMM are somewhat bulky and feel

unnatural during routine tests. In addition, many are relatively heavy, expensive and obtrusive to
use as wearable devices in real-life settings.

1.15 STUDY OBJECTIVES

The paucity of objective information on masticatory muscle activities when awake may be
ascribed, in part, to practical difficulties associated with obtrusive recording equipment available
presently. In general, wearable devices capable of monitoring the orofacial region in an
unobtrusive manner are lacking. A clear understanding of masticatory muscle activities in real-life
settings is therefore limited. The development , validation and optimisation of a wearable system
for masticatory muscle EMG and jaw motion tracking will allow for jaw activities to be monitored
in the natural environment and form the basis for this study. The study objectives are to 1)
explore the role of a wearable wireless EMG device for monitoring masticatory muscle activity
in real-life settings 2) optimise electrode characteristics for long-term recording of masticatory
muscle activity in real life settings and 3) develop a wearable system for jaw motion tracking.
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2.1 ABSTRACT
Objectives: To test a smartphone-assisted wireless device for assessing electromyographic (EMG)

activity of the masseter muscle in freely moving individuals undertaking routine activities.

Materials and Methods: EMG activity was detected unilaterally from the masseter muscle in 12

volunteers using surface electrodes connected to both a smartphone-assisted wireless EMG
device and a fixed-wired EMG equipment (reference standard). After performing a series of
standardized tasks in the laboratory, participants wore the wireless device for 8 h while
performing their normal routine.

Results: The wireless device reliably detected masseter muscle contraction episodes under both

laboratory and natural environment conditions. The intraclass correlation coefficients for the
muscle contraction episode amplitude and duration detected by the wireless and the wired
equipment ranged from 0.94–1.00 to 0.82–1.00, respectively. Most masseter contraction
episodes during normal routine were of low amplitude (< 10%MVC) and short duration (< 10
s), with no significant differences between sexes or facial side.

Conclusions: Within the limitations of the study, smartphone-assisted monitoring of the jaw

muscles represents a promising tool to investigate oral behavior patterns in free moving
individuals.
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2.2 INTRODUCTION

Evaluation of masticatory muscle activity patterns is of both research and clinical importance and
is particularly pertinent for patients with bruxism, parafunctional habits, and jaw muscle overload1.
sEMG provides objective, valid, and reproducible data on muscle contractions that can enhance
our understanding of MMA2,3. The equipment used to record sEMG can be stationary4, wired
portable5–8, or wireless portable9–11. Stationary laboratory or hospital-based sEMG equipment is
generally expensive, relatively large, and restricts motion during recording. Wired portable sEMG
equipment overcomes some of the limitations of stationary equipment and permits ambulatory
recordings of muscle activity in free moving individuals. However, adaptation time, disruption to
natural sleep, and limitations to certain activities due to the wires are still problems. Portable
wireless sEMG equipment is generally less obtrusive, but it often requires additional receiver units
which are inconvenient to wear during the day. Lab-based sEMG assessments of masticatory
muscles are generally of short duration and do not provide a comprehensive long-term analysis
of muscle activity patterns as they naturally occur in freely moving individuals undertaking routine
activities. Primarily, due to the obtrusive nature of EMG equipment, long-term sEMG studies of
masticatory muscles therefore mainly focus on sleep time EMG activity12–14. This is despite the
fact that interest in masticatory muscle activity and oral behaviors when awake is increasing15–20.
Oral behaviors are not easily self-identified, and self-reported activities may be inaccurate. Waketime occlusal parafunction, for instance, often goes undetected with consequences that include
facial pain and/or damaged teeth and restorations21. Prolonged, repetitive, low-level muscle
contractions are a risk factor for work-related muscle pain. There is some evidence that muscle
contractions during wake-time occlusal parafunction are also characterized by long-lasting lowlevel muscle contractions. Therefore, it is not surprising that wake-time occlusal parafunction is a
risk factor for masticatory muscle pain22, 23.
The monitoring of the long-term habitual activity pattern of masticatory muscles, as it occurs in
the natural environment, can provide data that accurately represents jaw function and jaw
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dysfunction in real-life settings. Furthermore, these data will help elucidate the role of wake-time
occlusal parafunction in the etiology of masticatory muscle pain. Long-term sEMG recording in
individuals undertaking their routine daily tasks, however, can only be performed with minimally
obtrusive EMG equipment. Recent advances in small wearable wireless sensors are opening new
opportunities for collecting physiological signals through the use of smartphones as data loggers.
We have recently developed a small wearable EMG device that wirelessly connects to androidbased smartphones for monitoring the activity of masticatory muscles and other superficial small
muscles. The aim of this study was to test the accuracy of this EMG wireless device for the
detection of masseter muscle contraction episodes under controlled laboratory conditions using
a stationary wired sEMG system as reference standard. A secondary aim was to assess masticatory
muscle activity in a group of healthy volunteers over an extended period under unrestrained
conditions. The study hypothesis was that the muscle activity recorded by the wireless device
will be comparable to that recorded by standard electromyography equipment.

2.3 MATERIALS AND METHODS

2.3.1Participants

Twelve healthy volunteers (7 males, 5 females; mean age 27.0 ± 6.1 years) were recruited via
advertising fliers from among University of Otago students as a convenience sample. The
following exclusion criteria were applied: a history of orofacial pain and headache over the past
month, current orthodontic treatment, five or more missing teeth (excluding wisdom teeth),
removable dentures; facial hair and not being able/wanting to shave; make-up and being unwilling
to remove it; self-reported skin allergy to plaster adhesive; rheumatologic, neurological or
psychiatric diseases; and craniofacial and genetic syndromes. Ethical approval was obtained
(H16/125) and written informed consent was collected from all participants.
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2.3.2 Electromyography
2.3.2.1 Wireless device

A small wireless EMG device (Fig. 2.1) was developed at the University of Otago. The device
weighs 4.1 g (6.9 g with the battery inserted) with maximum dimensions 28 × 35 mm and is
powered by a disposable 3-V coin-shaped lithium battery (CR 2032, Energizer, Auckland, New
Zealand). A printed circuit board (PCB) mechanically supports and electrically connects all device
components and includes three snap connectors arranged in a triangular configuration, which are
used to connect the device to a disposable surface electrode. The key hardware components of
the PCB are a system on chip (nrf52832, Nordic Semiconductor, Oslo, Norway) and a bioamplifier (ADS1291, Texas Instruments, Dallas, Texas).

Fig 2.1 - Wireless wearable EMG device

2.3.2.2. Wired equipment

The EMG signals recorded by the wired equipment were amplified (Quad BioAmp,
ADInstruments, Dunedin, New Zealand), analogue-to-digital (AD) converted at 4 kHz
(PowerLab 16–35, ADInstruments, Dunedin, New Zealand), and band-pass digitally filtered
between 10 and 800 Hz (LabChart Pro8, ADInstruments, Dunedin, New Zealand).
2.3.2.3 Electrodes

Custom made, disposable, round Ag/AgCl surface electrodes (SPES Medica, Genova, Italy) were
used in the study. The electrodes were arranged in a triangular configuration. The EMG interelectrode distance was 20 mm whereas a right leg drive (RLD)24 electrode was 23.5 mm from
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the EMG electrodes. For the purpose of this study, the two active electrodes were modified by
laser welding 0.9 mm round stainless steel onto the male end of the snap connectors (Fig2.2).
The wire extensions served as attachment sites for wire cables to carry inputs to the stationary
wired EMG equipment (Quad Bio Amp, ADInstruments, Dunedin, New Zealand).

Fig 2.2 - Participant during the lab-based simultaneous masseter muscle EMG recording with the

wireless device and wired reference equipment performing tasks under OTC guidance. Note the
soldered stainless-steel wire extensions from the active electrodes connecting to the reference
standard wired equipment.

2.3.2.4 Smartphone app

An Android smartphone software app was developed (Fig 2.3a-f, 2.4a-f, 2.5a-f) for the
visualization, calibration, and logging of EMG activity. The App was designed to be user-friendly
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and to permit users to set values (Fig 2.3e) for detection of muscle contraction episodes prior to
the start of the recording session.

a

b

c

d

e

f

Fig 2.3 - The dedicated android smartphone app EMG Guard (a) is activated at the beginning of

a recording and connected by the BLE protocol to a wireless wearable EMG device (b). The
dropdown menu in the dashboard view showing the different options (c) with a wearable EMG
device successfully connected (d) This next step is to enter the details of the recording session
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and participant (e). This is followed by the calibration mode in which appropriate values are set
to the absolute threshold and standby time.

a

b

c

d

e

f

Fig 2.4 - Once values are set (a), calibration is achieved by study participants performing five

maximal biting efforts (b) the peak EMG activity produced during maximum voluntary contraction
(MVC) is automatically detected and used to calculate relative EMG activity expressed as a
percentage of MVC (%MVC). This commences the recording (c). During the recording, in the
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user mode, the app allows for users to log their activities such as eating, drinking, and sleeping
(d). Participant logging eating activity (e) & (f)

a

b

c

d

e

f

Fig 2.5 - Time spent in the activity is recorded (a). In addition, any user-defined activity may also

be logged (b) & (c). At the end of the recording session, users exit the user mode(d), to save (e)
and stop recording (f).
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Calibration was achieved by asking the study participants to perform five maximal biting efforts
with verbal encouragement(Fig 2.4b). The peak EMG activity produced during maximum
voluntary contraction (MVC) was automatically detected (Fig 2.4b) and used to calculate relative
EMG activity expressed as a percentage of MVC (%MVC). The app displays real-time dynamic
charts of EMG activity in both sweep and column bar modes. During the recording, the app
allows the manual logging of casual activities such as eating, drinking, and sleeping (Fig 2.4d, e& f)
as well as any user-defined activity (Fig 2.5b&c) that participants may engage in during the
recording session. EMG data is stored in the internal memory of the smartphone.

2.3.3 Study procedure

The study consisted of a clinical session followed by a dual setting experimental session. The two
sessions were separated by 3–7 days. During the clinical session, participants were asked to fill in
the Diagnostic Criteria for Temporomandibular Disorders (DC/TMD) questionnaire and the
DC/TMD demographics form. Immediately after questionnaire data collection, a single
investigator (MF) followed a standardized DC/TMD clinical examination to palpate the
temporomandibular joints (TMJs) and masticatory muscles, measure unassisted and assisted
mandibular range of motion, and clinically evaluated and assessed eligibility of selected participants
for inclusion in the study. At this stage, participants were also briefed about the wireless sEMG
device, smartphone App, and a computer guided procedure to collect oral task data. Male
participants were reminded to shave their facial hair and female participants to refrain from
wearing makeup during the day of the experiment. Soon after the clinical session, a video
recording of a modified and abridged version of the Oral Task Collector (OTC) software was
mailed to all participants, and they were encouraged to train at home at least three times in the
3–7-day period preceding the experimental session. The dual setting experimental session
involved an initial lab-based session for simultaneous sEMG recordings from the masseter muscle
using both the wireless device and a standard stationary wired EMG equipment (Quad Bio Amp,
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ADInstruments, Dunedin, New Zealand). At the start of the lab-based session, participants were
comfortably seated upright in front of a 20-in. computer screen, with their heads in natural head
position (NHP). To encourage participants to hold their heads in NHP for the entire duration of
the lab-based session, care was taken to ensure that the computer screen was positioned at the
eye level of the participants (Fig 2.2)
A single investigator (SP) followed a standardized protocol for placement of the electrodes. The
anatomical boundaries of the masseter muscle on their preferred chewing side (self-reported by
participant)were determined by manual palpation. For participants lacking a preferred chewing
side, the dominant side (self-reported by participant) was chosen as the site for electrode
placement as in previous studies25, 26. The skin at the electrode site was prepared with a skin
exfoliating gel (Nuprep, Weaver and Company, Aurora, CO, USA) followed by alcohol wiping
to diminish impedance as in previous studies25,26.The surface EMG electrodes (SPES Medica,
Genova, Italy) were attached to the skin overlying the masseter muscle with one active electrode
placed on the most prominent point of the masseter during contraction, and the second active
electrode 2 cm cranially, parallel to the main muscle fibers. The ground electrode of the wireless
device was placed towards the tragus, e.g., distally to the active electrodes.
The wireless device was then attached securely to them snap connectors of the surface EMG
electrodes. In order to simultaneously record the EMG activity with the wireless device and the
wired equipment, twisted wires leads from the wired equipment were then firmly attached by
means of small plugs to the wire extensions of the two active electrodes, with the ground
electrode being attached ipsilaterally on the skin overlying the mastoid process (Fig. 2.2). Finally,
the wireless device was connected to an Android smartphone (Vodafone Smart Prime 6,
Vodafone, London, UK) by launching the smartphone App.
The modified and abridged OTC was used to guide all participants in performing a set of
standardized oral tasks. The software and the procedure have been extensively described in a
previous publication27. Briefly, the OTC displays detailed instructions about the oral task to be
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performed by means of explanatory text, still and animated images, and audio and video files.
Timing for tasks was given by countdown and progress bars, which enabled the participants to
be sharp with onset, holding, and cessation of each task. The first oral task assessed MVC and
consisted of a set of five consecutive maximum biting efforts performed with verbal
encouragement on an aligner tray seater (Chewies™, Dentsply, York, PA, USA) positioned
between first molars on the recording side. Each effort lasted 2–3 s with an interval of at least 15
s between repeats. As a part of the calibration process, the App automatically detected the peak
EMG value from the five consecutive maximum biting efforts. The App then computed relative
EMG activity (% MVC) for all the subsequent masseter muscle activities. The EMG peak value
detected by the App was stored for subsequent analysis. Participants then performed a total of
13 oral function tasks (Table 2.1). The oral tasks included keeping upper and lower teeth in
contact with minimum effort, tooth clenching with light, moderate, and full effort, and chewing a
gum (Wrigleys, Extra™ Peppermint, New Zealand) ipsilaterally and contralaterally to the
recording side (Table 2.1). The gum chewing pace (1.5 Hz) was visually cued by OTC using
animations. Short rest breaks (> 30 s) were allowed between the different tasks. Additional tasks
undertaken included those that might generate potential confounders, e.g., tasks where the sEMG
activity recorded over the masseter muscle could be influenced by cross-talk from the facial mimic
muscles or movement artifacts (Table 2.1).
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Table 2.1- List of tasks undertaken during the laboratory experiment.
Oral Function Tasks
Maximum clenching efforts a (n=5)
Teeth in contact with minimum contraction effort (n=3)
Low intensity clench (n=1)
Moderate intensity clench # 1 (n=1)
Moderate intensity clench # 2 (n=1)
Moderate intensity clench # 3 (n=1)
Moderate intensity clench # 4 (n=1)
Strong intensity clench (n=1)
Gum chewing on the ipsilateral side (n=1)
Gum chewing on the contralateral side (n=1)
Strong biting effort ipsilaterally (n=1)
Strong biting effort contralaterally (n=1)
Possible sources of EMG artifacts
Using a smartphone to make a call (n=1)
Repetitive jumping up and down from the chair (n=15)
Gentle touching the device (n=1)
Vigorous pushing the device (n=1)
Smiling (n=1)
Walking at preferred pace (n=1)
Running (n=1)
a
Used for calibration of the signals

Dur (sec)
3
3
3
3
5
10
20
3
10
10
3
3
15
15
5
5
5
30
30

Pairs of dual-tone multi-frequency (DTMF) tones lasting 300 ms were generated via software at
the beginning and end of each task, and used as markers for off-line task identification. During
task collection by OTC, synchronized full-face video recordings were also taken and used for offline quality check of task performance. Towards the end of the session, the EMG cables of the
stationary EMG equipment were disconnected, and participants were requested to perform a
walking and a running task, each lasting 30 s (Table 2.1). At the end of the OTC task paradigm,
a protective cover was placed over the wireless EMG device , and participants were allowed to
carry on with their normal routine activities, without movement constraints (Fig 2.6), and with
the wireless wearable EMG device to be worn for 8 h. Participants were recommended to keep
the phone always close to the device and were asked to fill in an activity log in the smartphone
App for the 8-h study period.
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Fig 2.6 - Participant with the wireless device overlying the masseter muscle in the natural

environment recording session. Note that the protective acrylic covering is in place.

When participants returned at the end of the recording period, the data stored on the
smartphone were downloaded, and the wireless device was disconnected from the smartphone
App and removed. At the end of the experiment session, participants were requested to
complete the Oral Behaviour Checklist (OBC) and System Usability Survey (SUS). Participants
were requested to complete the OBC at the end of the recording session in order to minimize
the risk of bias on EMG recording. The OBC (http://www.rdc-tmdinternational.org/) is selfreported 21-item questionnaire aiming to assess non-functional oral habits that participants
completed based on their experiences over the previous 4 weeks28 and employs five response
options (0–4). OBC scores range from 0 to 84, with a score above 25 being considered a risk
factor for the onset of TMD29. The SUS is a 10-item survey with alternating negatively and
positively worded items for obtaining feedback on experiences with “usability” and “learnability”
of products and services, including smartphone Apps30. SUS scores range from 0 to 100 with
score above 68 being considered satisfactory. SUS scores were converted in seven adjective
ratings ranging from “worst imaginable” to “best imaginable”31.
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2.3.4 EMG data processing
2.3.4.1Wireless device

EMG activity was sampled at 1000 Hz using a programmable gain right leg drive amplifier
(ADS1291, Texas Instruments, Dallas, Texas), low-pass filtered using a cutoff frequency of 432
Hz (antialiasing filter), and AD converted with a 24-bit resolution. The data were down sampled
to 8 Hz by computing root mean square (RMS) power in non-overlapping 125 ms rectangular
windows. The RMS data (24 bit) were then wirelessly transmitted in packets of four data every
500 ms to a dedicated Android-based smart phone via the Bluetooth Low Energy (BLE) protocol.
Data transmitted wirelessly to the smartphone included a device unique identifier, a time stamp,
and the RMS data. The latter were used to compute the relative EMG activity, which was
expressed as % of MVC after calibration. The smartphone App further processed the signals by
computing the occurrence time, the duration, and the amplitude of all muscle contraction
episodes. An additional binary variable was created on-phone to detect the proportion of data
that failed transmission. EMG missing data were replaced on-phone using the method of last
observation carried forward (LOCF). The activity log data were also stored on-phone as either
binary data or text data. All data were then saved in the internal memory of the smartphone in
a single comma separated values (CSV) file.
2.3.4.2Wired equipment

Raw EMG activity collected using the wired equipment was base-band demodulated using a RMS
function by contiguous (non-overlapping) rectangular windows of 500 ms and saved on a laptop
as ASCII (txt) files, and then converted to a CSV file. RMS activity recorded by the wired
equipment was normalized (i.e., converted to relative EMG activity) using the same peak bite
effort detected by the wireless device.
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2.3.4.3 Contraction episodes

The raw EMG data from both the wireless device and the wired equipment were imported into
MatLab_R2016b (MathWorks, Natick, Massachusetts, USA) for computation of episodes
statistics. A contraction episode was defined as a signal above a defined threshold which could
contain subthreshold signal portions shorter than a stand-by time to of 5 s

5,12

. The number,

amplitude, and duration of contraction episodes detected by both the wired equipment and
wireless device were calculated as previously described32 using thresholds of 3%, 5%, and 10%.
The chosen thresholds were low enough to include low-intensity clenching and high enough to
exclude noise and movement artifacts. For the long-term (wireless) recording, additional
assessments included the number of contraction episodes per hour (ep/h) and the total and
relative contraction time. The former was defined as the sum of the durations of all muscle
contraction episode above a defined threshold (i.e., 5% MVC). The latter was defined as the
proportion of time (%) the masseter muscle was contracted, and it was calculated off-line as the
total contraction time divided by the total recording time.

2.3.5 Statistical analysis

EMG data were analyzed using descriptive statistics. For the lab-based tests, the amplitude and
duration of the muscle contraction episodes detected by the wireless EMG device and the
reference EMG wired equipment were calculated for each oral task collected. Dependent sample
t tests were used to test for differences in the amplitude and duration of the episodes detected
by the two EMG recording systems. Intra-class correlation (ICC) coefficients were used to
determine the strength of association between EMG variables detected by the two systems.
Coefficients of variation was used for calculating individual variations in muscle contraction
episodes by dividing the standard deviation by the mean and expressed as a percent. A mixed
model analysis was used to test for the effect of gender and recording side on the EMG variables.
Cumulative OBC scores for each participant were calculated as well as the partial OBC score
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(OBC6) computed by scoring items 3, 4, 5, 10, 12, and 13 of the OBC [33]. For SUS, cumulative
numerical scores for each participant were calculated and equivalent adjective ratings for the
scores determined.
All analyses were performed using Statistical Package for Social Sciences (SPSS IBM 25.0, Chicago,
Illinois, USA). Statistical significance was accepted at p < 0.05.

2.4 RESULTS
2.4.1 EMG recordings in the laboratory setting

Amplitude (% MVC)

100

High intensity clench

Biting tasks

75
Moderate intensity clenches
50

Chewing tasks

Low
intensity
clench
Teeth in contact

25
0
0

1.0

2.0

3.0

4.0

5.0

3.0

4.0

5.0

Time (minutes)
Amplitude (% MVC)

100
75
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25
0
0

1.0

2.0

Time (minutes)

Fig 2.7 - Representative electromyograms from simultaneous recordings of masseter muscle

sEMG with both the wired equipment and wireless device. Note similarities in amplitude and
duration of the muscle contractions for the recordings from the two devices during the different
oral tasks that were performed under computer (OTC) guidance

During the lab-based tests, only a negligible amount (< 0.1%). of data were lost due to
interruption of the BLE wireless transmission of EMG signals in one participant. The performance
of tasks associated with possible artifacts (Table 2.1) resulted in minimal levels of relative EMG
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activity (< 3% MVC), which were not detected as contraction episodes, except for the smiling
tasks (6.6 ± 6.1 % MVC) and a few instances of sharp, short-lasting, high amplitude spikes of noise
during vigorous pushing of the device. Conversely, all the oral tasks performed under computer
guidance (OTC; Table 2.1) could be consistently detected, the only exception being the task
“teeth in slight contact”, the mean amplitude (1.7 ± 1.3 %MVC) of which was lower than the
detection threshold. The electromyograms simultaneously recorded from individuals with the
wired and wireless devices were very similar (Fig. 2.7).

Target
Duration
(sec)

Episode
Duration
(sec)
Wireless Device
Mean ± SD

Episode Duration
(sec)
Wired Equipment
Mean ± SD

Episode
Amplitude
(%)
Wireless Device
Mean ± SD

Episode
Amplitude
(%)
Wired
Equipment
Mean ± SD

Low intensity clench

3.0

3.9 ± 1.2

4.0 ± 1.1

8.8 ± 7.14

10.5 ± 8.6

Moderate intensity clench #1
Moderate intensity clench #2
Moderate intensity clench #3
Moderate intensity clench #4

3.0
5.0
10.0
20.0

3.1 ± 0.4
4.6 ± 1.2
10.0 ± 0.5
20.4 ± 2.0

3.2 ± 0.4
4.6 ± 1.2
10.1 ± 0.4
21.1 ± 4.1

20.7 ± 10.2
20.6 ± 7.1
17.3 ± 10.6
18.4 ± 10.4

23.8 ± 11.3
24.4 ± 8.7
20.6 ± 12.7
21.1 ± 12.3

Strong intensity clench

3.0

3.7 ± 1.0

3.5 ± 0.8

50.0 ± 13.5

52.4 ± 11.0

Gum chewing ipsilaterally
Gum chewing contralaterally
Strong biting effort ipsilaterally a

10.0
10.0
3.0

10.6 ± 3.8
10.6 ± 2.2
3.7 ± 1.6

11.2 ± 2.8
10.4 ± 2.1
3.3 ± 0.3

15.8 ± 6.6
9.5 ± 3.7
56.2 ± 7.4

16.3 ± 6.8
10.0 ± 4.1
55.8 ± 5.0

Task

Table 2.2 - Muscle contraction episodes during the simultaneous OTC guided lab recording.
Unless otherwise indicated all clenches were performed with teeth in inter-cuspal position.
a
The biting effort was performed on a rubber cylinder placed between first molar teeth (aligner
seater)

The mean number of contraction episodes detected by the wireless device (13.1 ± 3.5) and the
wired equipment (12. 5 ± 3. 4) for all participants during the lab-based session were also very
similar (paired t test; p = 0.13) and were strongly correlated (ICC = 0.94; 95% CI = 0.79–0.98;
p ≤ 0.001). The amplitude and duration of these contraction episodes were also strongly
correlated, with ICC coefficients ranging between 0.94 and 1.00 for amplitude, and between 0.82
and 1.00 for duration (all p values ≤ 0.001). There was no statistically significant systematic
difference in the duration of contraction episodes detected by the wireless device and the wired
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equipment (paired Student’s t test; 0.16 ≥ p ≥ 0.99), although they were all consistently slightly
longer than the target time outlined in the OTC software (Table 2.2). In six out of the 12
participants, the amplitudes of the clenching and chewing contraction episodes detected by the
wireless device were slightly, but significantly, lower than those detected using the wired
equipment (− 3.4% MVC; p ≤ 0.013). Amplitudes of contraction episodes detected with the two
EMG equipment did not differ significantly (p ≥ 0.12) in the remaining participants (Table 2.2).

2.4.2 EMG recordings in the natural environment

Descriptive statistics for the contraction episodes recorded during the freely moving recording
session are given in Table 2.3. Most of the contraction episodes were of low amplitude (< 10%
MVC) and short duration (< 10 s) (Fig. 2.8).

Table 2.3 - Summary statistics of masseter muscle contraction episodes a while performing free-

moving routine tasks
ID

Contracti
on
Episodes
(number)

Amplitude
(%MVC)
Mean ± SD

Duration
(sec)
Mean ± SD

Total
Contraction
Time
(min)

Recording
time
(min)

#1
116
14.0 ± 13.6 7.0 ± 18.6
13.7
481
#2
365
8.7 ± 9.3
6.4 ± 21.7
39.0
471
#3
389
12.9 ± 40.3 5.6 ± 17.5
36.3
470
#4
706
10.9 ± 35.2 15.0 ± 34.5
38.3
461
#5
303
7.3 ± 6.0
6.0 ± 30.3
30.4
516
#6
518
6.9 ± 5.1
9.1 ± 24.9
78.9
490
#7
444
10.9 ± 33.0 8.0 ± 15.2
59.3
484
#8
216
7.1 ± 7.5
7.3 ± 48.4
26.4
496
#9
208
9.2 ± 11.3 6.1 ± 24.6
21.3
454
# 10
587
6.7 ± 5.8
4.8 ± 12.3
47.6
485
# 11
325
9.4 ± 6.9
3.7 ± 36.7
20.4
479
# 12
768
9.3 ± 7.8
4.4 ± 11.2
56.6
483
Overall
412.1
480.8
Mean ±
9.1± 13.6
6.8 ± 23.1
39.0 ± 18.9
± 201.3
± 16.3
SD
a Episodes were detected using a 5% MVC threshold
b Participant misplaced the smartphone during the real-life recording session.
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Episodes
per hour
(number)

14.5
45.6
48.6
91.9
37.9
64.8
55.5
27.0
26.0
73.4
40.6
96.0
51.8
± 25.7

Relative
Contraction
Time (%)

Missing
data
(%)

2.8
8.3
7.7
38.3
5.9
16.1
12.2
5.3
4.7
9.8
4.2
11.7

3.1
21.9b
2.8
0.0
9.8
0.3
2.0
0.5
0.4
7.7
0.0
1.3

10.6 ± 9.5

4.2 ± 6.4

Fig 2.8 - Example of the EMG recording from the masseter muscle in a free-moving study

participant undertaking routine tasks. Note the clusters of high amplitude spikes corresponding
to the eating activity between 11:00:00 and 11:24:00, soon after 16:26:00 and 16:50:00 of the
recording

A
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4
3
2
1

Episode Count (N)

6
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Episode Count (N)
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Episode Count (N)
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1
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Fig 2 .9 - Pooled masseter muscle contraction episodes obtained for 12 free moving study

participants undertaking routine tasks. Histograms show the number, the amplitude, and the
duration of episodes calculated using different detection thresholds: A 3%MVC, B 5%MVC, and
C 10%MVC. Note the inverse relationship between the number of episodes detected and the

detection threshold. The contraction episodes were mostly of low amplitude (< 10% MVC) and
short duration (< 10 s).
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The number of episodes per hour, the total contraction time, and the relative contraction time,
however, varied greatly between individuals, with coefficients of variation (SD/Mean*100%) of
around 50%. 3D histograms showing all the contraction episodes assessed using three different
detection thresholds are presented in Fig. 2.9.
As expected, the frequency distribution of amplitude and duration varied as a function of
detection thresholds, with less episodes at higher thresholds. The number, duration, and
amplitude of masseter muscle contraction episodes assessed using different thresholds (i.e., 3%,
5%, and 10%MVC) did not vary between sexes and facial side recorded (F ≤ 5.1; p ≥ 0.066). All
participants successfully completed the free-moving recording session with the wireless device.
OBC scores ranged from 9 to 31 with a mean of 16.8 ± 8.0. OBC6 scores ranged from 0 to 8
with a mean of 4.1 ± 2.5. The mean (± SD) SUS score was 83.5 ± 15.0. The usability of the
smartphone App was top ranked as “best imaginable” or “excellent” by six participants, and as
“good” or “OK” by the others. A problem noted was failure of participant no. 2 to comply with
the instructions of keeping the phone alongside throughout the freely moving recording session.
This is reflected in over 20% of EMG data missing during the freely moving recording. The mean
value of data loss due to failure BLE transmission during the freely moving recording sessions was
4.2 ± 6.3%.

2.5 DISCUSSION

A smartphone-assisted wireless device has been developed for measuring muscle
electromyographic activity in freely moving individuals. The device is connected to a smartphone
via BLE wireless protocol through a dedicated App. The validity of the data obtained from the
wireless device in measuring muscle activity and muscle contraction episodes was tested in
controlled laboratory experiments. In addition, the device was used to collect 8-h recordings
from individuals freely moving under unrestricted conditions performing routine tasks. This long
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term, continuous gathering of muscle activity data provides valuable normative data in a sample
of healthy participants.
2.5.1 EMG recordings in the laboratory setting

The modified and abridged OTC used in the lab-based recording session included 13 functional
oral tasks. These were oral tasks generally involving light to vigorous rhythmic or sustained
contractions of the masticatory muscles. The tasks were considered relevant, as they frequently
occur in the natural environment, such as biting, chewing, and tooth clenching, and have also
been widely assessed in previous electromyographic research5, 25, 34, 35. In addition, to examine if
movement artifacts or muscle crosstalk influenced the performance of the device, a number of
confounder tasks were also included in the modified abridged OTC. The number and duration
of the muscle contraction episodes detected during the different tasks by the wireless device and
the wired equipment under laboratory conditions were very similar. Minor differences in the
amplitude of muscle contraction episodes detected by the two types of equipment could possibly
be explained by slight differences in the amplification and preprocessing of EMG signals. However,
it must be emphasized that the differences in amplitudes were small and certainly not clinically
relevant, and they did not influence the detection of individual contraction episodes. Additionally,
due to the small sample size the small differences in amplitudes may not be seen in a larger group
of subjects. These findings indicate that the smartphone assisted wireless device can provide an
objective assessment of masseter muscle activity and validates the use of the device for measuring
muscle activity.
2.5.2 EMG recordings in the natural environment

The wireless EMG device was especially designed for long-term data recording. Its unobtrusive
nature permitted unrestricted recordings where participants were free to carry out all routine
daily activities including eating. Only a small amount of data (mean value < 5%) was lost during
unrestricted recordings. The observation that all participants completed the free-moving
recording session and found the smartphone App user-friendly (mean SUS score > 68), support
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the suitability of the smartphone-assisted wireless device for continuous, day long recording of
sEMG signals in individuals who are unrestrained in their natural environment. Visual observation
of the 8-h EMG tracings indicated that the occurrence of activity bursts spread all across the
recording, with more pronounced bursts occurring coincident to self-reported meal times. The
quantitative analysis of EMG contraction episodes over the 8 h of free-moving activity revealed
that the masseter was active above the 5% detection threshold for approximately 10% of the
recording time, but there was a marked interindividual variability (standard deviation = 9.5%).
OBC6 has been used to detect daytime tooth clenching episodes, as scores allow for the
assessment of daytime grinding, clenching, pressing, biting, or playing with soft tissue, holding
objects between the teeth, and use of chewing gum33. In a study that analyzed the frequency of
daytime tooth clenching episodes, women without masticatory muscle pain reported mean OBC
and mean OBC6 scores of 19.4 ± 9.1 and 8.8 ± 4.3, respectively 33. In comparison, mean OBC
scores (16.8 ± 8.0) reported in the present study were marginally lower and the mean OBC6
scores (4.1 ± 2.5) were approximately half the values in the study by Cioffi et al.33. However,
differences in sample size and gender distribution need to be carefully considered before drawing
conclusions.
In this study, participants with more than 5 missing teeth were excluded due to the association
between decreased occlusal contacts and bite force36. The participants in the present study were
free of signs and symptoms of TMDs, which were excluded during a comprehensive clinical
examination. Nonetheless, some participants reported high scores (OBC ≥ 25) of non-functional
oral behaviors, which are considered a risk factor for the development of TMDs29.Therefore, the
features of masticatory muscle activity found in this sample are not representative for, and cannot
be generalized to, individuals without waketime parafunctional activity. Future studies are needed
to analyze the masseter contraction behavior in individuals with different degrees of wake-time
parafunction. Such studies will also help determine whether the OBC effectively reflects the
degree of wake-time bruxism. Because of recent reductions in the size and enhanced capability
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and portability of modern EMG recording equipment, there has been an increase in studies
investigating long-term sEMG activity of masticatory muscles in free-moving individuals15–20. During
sleep-time, it was found that the masseter muscle of randomly selected healthy subjects
contracted, on average, 10.5 ± 3.8 times per hour with most episodes (90%) being of relatively
low intensity (< 33% MVC) and short duration (< 11 s)12. Findings from the current study indicate
that during daytime, the number of masseter muscle contractions per hour is approximately five
times greater (51.8 ± 25.7), with most (> 90%) of the contractions also being of low amplitude
(< 20% MVC) and relatively short duration (< 20 s). In this study, recordings also included eating
time. The higher number of contraction episodes found during the recording, however, cannot
be explained by the occurrence of chewing activity. Indeed, using the computational approach
for categorizing contraction episodes in the current study, chewing activity was identified as a few
long-lasting contraction episodes, with little impact on average episode counts. The occurrence
of numerous short-duration and low amplitude EMG bursts, which are widely distributed
throughout the day, have also been reported in children and young adults, who were monitored
for 24 consecutive hours15, 17 and in dental students, who were monitored by portable EMG
recorders for 3 to 8 h5, 16. In a previous study, masseter muscle activity was assessed using portable
wired EMG recorders in 30 participants with different vertical craniofacial features. Using a 10%
MVC detection threshold, the number of contraction episodes per hour identified over an 8-h
recording period ranged from 42 to 48, thus being very similar to that found in the present study.
Conversely, the mean duration of masseter muscle activity (around 4–5 s) was shorter than that
found in the current study (around 7 s), and the mean amplitude (around 18%) was about twice
as high as that found in a previous study (around 9% MVC)5. Differences in the criteria used for
defining the contraction episodes, time of the day, and levels of stress experienced by study
participants during the recordings37, may account for the differences found between the different
EMG studies. In another study, EMG activity of the neck muscles of orthodontists was monitored
using portable wired EMG recorders during chairside dental work, applying the same criteria to
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define muscle contraction episodes. In natural environments, it was found that the
sternocleidomastoid and the trapezius muscles contracted around 40–70 times per hour 32, which
is very similar to the number of contractions of the masseter muscles found in the present study.
This is not surprising given the close anatomical and functional relationship between the jaw and
neck muscles38 as well as coordination of neck and jaw muscles during chewing and clenching
activities39, 40. In contrast to the relatively short mean duration of masseter muscle contractions
(6.8 ± 23.1 s), the mean duration of the contraction episodes of the sternocleidomastoid and
trapezius muscles was much longer ranging from 23.0 to 31.4 s. This is probably due to the fact
that during the EMG recordings, the participants engaged in a vocational activity (chairside dental
work), which is associated with prolonged static load of the neck muscles.
Similarly, to other long-term EMG studies carried out in healthy subjects, no gender differences
in masseter muscle activity were found in the present study16, 17. However, these results need to
be interpreted with caution as the number of participants was relatively small and slightly skewed
towards the male gender. We also found no differences in EMG variables collected from the left
and right facial side. This finding is not surprising as both masseter muscles are synergistically
activated during both functional and nonfunctional oral tasks. Wireless EMG systems generally
require relatively bulky data acquisition units11, 41, and do not allow visualization of muscle activity
in real-time9,42. The wireless device we have developed is interfaced with a smartphone for logging
data and simultaneously provides users with a real-time graphical representation of their muscle
activity. This is advantageous, particularly in the light of research demonstrating the effectiveness
of EMG biofeedback and/or cognitive behavioral therapy in reducing awake bruxism43, 44. Its ease
of use will also allow recording of wake-time MMA in the natural environment over several days
in order to assess the possible role of wake-time bruxism in the etiology of masticatory muscle
pain.
The present study has a number of limitations. Firstly, it was performed with a small convenience
sample consisting of healthy participants. Muscle contraction episode data detected in this
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relatively small sample of healthy participants may have limited external validity. In addition, the
low power for the different tests due to the small sample size is also a limitation. Secondly, for a
comprehensive assessment of muscle activity in freely-moving participants, it is important that
there is no data loss. Unfortunately, this was the case in a few participants. Data loss problems
may result from the smartphone stepping outside the BLE transmission range. Problems arising
due to limitations in transmission distance have also been reported previously for other wireless
EMG devices37. Thirdly, the differentiation between clenching efforts during the OTC was solely
based on participants’ subjective interpretation of the verbal instructions about clenching efforts.
While this may be considered a limitation, the primary aim of this study was to look at concurrent
validity of the wireless device with the reference standard equipment within-participants. Lastly,
the present version of the device is not watertight. As a result, wearers have to be cautious about
the device not getting in contact with water. Covering the device with waterproof tape is
mandatory if it has to be used in wet environments.

2.6 CONCLUSIONS

Within the limitations of the study, smartphone monitoring of the jaw muscles represents a
promising tool to investigate masticatory muscle activity in free-moving individuals. The majority
of masseter muscle contraction episodes occurring during daytime were of low amplitude and
short duration
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3.1 ABSTRACT

Objectives: To examine the relationship between masticatory muscle activity (MMA), self-

reported oral behaviours (OBs), and overall physical activity (PA) in adult women.

Materials and Methods: MMA and PA were assessed by an electromyography (EMG) device and

a wrist accelerometer, which were worn for 12 hours per day over two non-consecutive days
by 53 female participants (mean age 27.5 ± 6.4 years). Following the second recording day, selfreported OBs were assessed by a questionnaire. MMA was assessed by the number, amplitude,
and duration of masseter contraction episodes. Masseter muscle EMG outcome measures were
the number of contraction episodes per hour (CEs/h) and the relative contraction time (ReCT%).
PA was assessed by time accumulated in moderate to vigorous physical activity (MVPA) and 10minute bouts of MVPA per hour. Data were analysed using mixed model analysis.

Results: MMA in free living conditions consisted mostly of low amplitude (<10% maximum

voluntary clenching) and short duration (<10 s) contraction episodes. Masseter CEs/h were not
associated with self-reported levels of oral activity. Masseter CEs/h were positively associated
with time accumulated in MVPA (F= 9.9; p = 0.002) and negatively associated with 10-min bouts
of MVPA/h (F= 15.8; p <0.001). ReCT% was not significantly associated with either.

Conclusions: Objectively assessed MMA is not associated with self-reported OB in free moving

adult females. Moderate to vigorous exercise and physical inactivity are accompanied with an
increase the number of masseter muscle contractions and thus possibly of tooth clenching activity.
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3.2 INTRODUCTION

Clinical and research approaches to diagnose oral parafunctional behaviours mostly rely on
history taking, clinical examination, and recall based self-report questionnaires 1-3 with the severity
of the condition being assessed by visual observation of tooth wear4. To date, however, the
validity of these assessment methods remains dubious5,6
Questionnaires for a comprehensive assessment of waking state oral behaviours have been
previously developed and validated under controlled laboratory conditions7,8. The simplicity and
affordability of these tools make them well suited for use with large samples. However, they are
susceptible to recall bias with limited external validity. Furthermore, most waking-state oral
behaviours often occur unconsciously, making them difficult to identify.
The use of real-time based data collection tools like Ecological Momentary Assessment (EMA) in
waking state oral behaviour research addresses some of the limitations of questionnaire based
assessment 9,10. EMA uses repeated on-site measurements from participants, based on real-time
experiences during free-living conditions. Although EMA gathers reports on multiple occasions
over time, it is dependent on careful timing of assessments and compliance of participants in
responding to prompts11. Also, EMA participants spend substantial time and effort on the
assessment and have to be actively engaged with the measurement instrument 12. In addition,
EMA does not provide a detailed understanding of masticatory muscle activity (MMA) throughout
the day.
Surface electromyography (EMG) can enhance our understanding of MMA and holds potential
as a diagnostic tool by providing objective and reproducible data on frequency, duration, and
intensity of muscle contractions13. Additionally, masticatory muscle EMG is indispensable for a
“definite” awake bruxism assessment14. However, difficulties in performing long-term EMG
recordings of jaw muscle activity during wakefulness have also been expressed 15. Although there
is an increase in data collected by portable EMG recorders on waking-state MMA16,17, restrictions
imposed by the obtrusive nature of the equipment have discouraged researchers from
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investigating MMA in free-living conditions. Unobtrusive monitoring of MMA in free-living
conditions, however, is now possible with recently developed wireless EMG devices

18,19

. This

presents a valuable opportunity to objectively study long-term MMA.
Self-reported oral behaviours (OB) when awake are a significant risk factor for myofascial pain20
and are known to be predictors of first-onset temporomandibular disorders (TMD) 21. However,
when instrument-based assessment tools that include EMG are used, the association between
OB and musculoskeletal symptoms becomes less obvious22. Methodological problems associated
with characterisation of OB possibly contribute to these inconsistent findings. More research is
therefore required to clarify the relationship between EMG-based, and self-reported measures,
of OB.
Tooth clenching is considered a characteristic feature of oral parafunctional behaviours 2. Tooth
and/or jaw clenching and associated increases in MMA are also observed as a “normal” oral
behaviour during strenuous physical activity (PA), for example, sports involving muscular effort2325

. Interestingly, research has shown the strong influence that MMA exerts on the motor activity

of other parts of the body during certain PAs that involve effort26.
Oral parafunctions are considered a stereotypic motor behaviour 27,and are associated with other
motor behaviours 28. In hyperkinetic movement disorders, for instance, awake bruxism seems to
be more frequent 29. Interestingly, a recent meta-analysis concluded that motor hyperactivity is
also associated with bruxism in children30. Therefore, it can be expected that elevated levels of
PA are associated with higher levels of MMA. However, research on the functional interrelations
between oral motor function and somatic motor function is sparse. Only a few studies have
examined the association of PA with TMD31 , masticatory muscle pain

32

or oral parafunctional

habits 33. Once again, this research has relied on self-reported data for PA assessment, thus being
at risk of recall bias. With the advent of portable on-body wearables like wrist-worn
accelerometers, it is now possible to measure acceleration from body movements and gather
objective data on daily PA34 . Actigraphic measures of PA do not rely on participant self-report
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and therefore eliminate the bias introduced by interviewers or participants. Since data are
gathered at the exact moment in which the activities are taking place, they provide a reliable PA
measure in free-living conditions.
The aim of this study was to examine the associations between MMA, self-reported OB, and
daily PA levels in free living conditions. We hypothesised that women with high levels of MMA
report higher frequency of non-functional OB and engage in higher levels of PA.

3.3 MATERIALS AND METHODS

This observational study was designed according to the STROBE (STrengthening the Reporting
of OBservational studies in Epidemiology) guidelines and conducted over a one-year period in a
university setting.

3.3.1Participants

The study was carried out with 53 females (mean age 27.5 ± 6.4 years). Study participants (Table
3.1) were recruited by online advertisements, fliers and word of mouth and some also took part
also in another study35. Participants were excluded from the study if they were: undergoing
orthodontic treatment; missing five or more permanent teeth (excluding third molars); using full
fixed or removable dental prostheses; had any present orofacial inflammatory conditions;
rheumatological conditions; neurological disorders and/or neurological motor disorders; acute
psychiatric conditions; primary headache; craniofacial syndromes including cleft lip and/or palate;
were habitual users of drugs influencing the activity of the central nervous system (CNS), and; if
they self-reported any skin allergy to plaster adhesive. Ethical approval was obtained (H16/125)
from the University of Otago human ethics committee and written informed consent was
collected from all participants.

96

Table 3.1 - Participant demographics

Category

No. participants (%)

Age
18-20
21-30
31-40
41-50
Ethnicity
NZ European
Maori
Asian
Others
Marital Status
Single
Living with partner
Married
Separated or divorced
Other
Occupation
University Student
University staff
Others

5 (9.4)
32 (60.3)
14 (26.4)
2 (3.7)
32 (60.3)
0 (0)
14 (26.4)
7 (13.2)
20 (37.7)
14 (26.4)
14 (26.4)
2 (3.7)
3 (5.6)
34 (64.1)
14 (26.4)
5 (9.4)

Fig 3.1 – Participant with two on body wearables. A) EMG device overlying the masseter muscle

on the preferred chewing side and B) wrist accelerometer, simultaneously monitoring masseter
muscle activity and PA in free living conditions. Inset in the figure shows a close-up of the android
smartphone and accelerometer on the non-dominant wrist of a participant.
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3.3.2 Data Collection

MMA and PA data were simultaneously collected using a smartphone assisted wearable EMG
device and a wrist accelerometer (Fig 3.1) respectively. Both the EMG device and the
accelerometer were simultaneously worn by all study participants on two non-consecutive
weekdays for at least 12-hour per day, beginning in the morning between 7.30 am and 10 am.
3.3.2.1 Masseter muscle electromyography

EMG data was recorded from the masseter muscle using a recently validated smartphone assisted
wearable wireless device18. The device was fitted on the participants’ preferred chewing side. For
participants lacking a preferred side, the right-hand side was selected. Details of the device and
placement procedure over the masseter muscle have been described extensively in a previous
publication18. Once positioned on the skin overlying the masseter muscle, the EMG device was
linked to the android smartphone via an app and recording commenced. First, the maximum
voluntary clenching (MVC) was recorded by asking participants to perform three to five maximal
clenches with an aligner tray seater (Chewies™, Dentsply, York, PA, USA), placed between the
posterior teeth ipsilaterally to the recording side. Maximum voluntary clenches were separated
by rest intervals of approximately 15 seconds. The peak EMG activity, excluding obvious outliers
that varied by more than 30%, recorded during the MVC was selected.
EMG data recorded by the device was continuously transmitted to the dedicated smartphone
that participants carried with them for the entire duration of the recording. EMG data received
from the device were stored in the internal memory of the smartphone.
3.3.2.2 Self-reported Oral Behaviour (OB)

Following the second recording day, participants were asked to complete the oral behaviour
checklist questionnaire (OBC) questionnaire to assess their non-functional OB based on their
experiences over the previous 4 weeks by means of a Google Form™. The OBC is a 21-item
questionnaire, employing five response options (0–4) (http://www.rdc-tmdinternational.org/).
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OBC scores range from 0 to 84. This questionnaire was provided at the end of the study to
minimise the possibility of inducing the Hawthorne effect 36.
3.3.2.3 Assessment of body activity

Each participant was also fitted with a wrist-worn lightweight triaxial accelerometer (GeneActiv,
ActivInsights Ltd., Kimbolton, Cambridgeshire, United Kingdom) on their non-dominant wrist (Fig
1B). This accelerometer is a reliable and valid measurement tool capable of classifying the intensity
of physical activity in adults [37]. Participants were requested to wear the accelerometer
continuously along with the smartphone assisted EMG device. The accelerometer device
measures acceleration between -8g and 8g (g = Earth’s gravitational pull). Acceleration values
were digitized by a 12-bit analog-to-digital converter at a user-specified rate of 50 Hz.

3.3.3 Data processing and analysis
3.3.3.1Masseter muscle activity

EMG activity was sampled at 1000 Hz and AD converted with a 24-bit resolution. The data were
downsampled to 8 Hz by computing root mean square (RMS) power in non-overlapping 125
ms rectangular windows. The RMS data (EMGRMS) were then wirelessly transmitted in packets of
four data every 500 ms to a dedicated android-based smart phone via the Bluetooth Low Energy
(BLE) protocol. Data transmitted wirelessly to the smartphone included a unique device identifier,
a time stamp, and the EMGRMS data [18]. The latter were used to compute the relative EMG
activity, which was expressed as % of MVC after calibration. An additional binary variable was
created on-phone to detect the proportion of data that failed transmission. Missing EMG data
were replaced on-phone using the method of last observation carried forward (LOCF). All data
were saved in the internal smartphone memory.
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3.3.3.2 Contraction episodes

EMG data from the wireless device were imported into MatLab_R2016b (MathWorks, Natick,
Massachusetts, USA) for computation of episode statistics. A contraction episode was defined as
a signal above a defined threshold which could contain subthreshold signal portions shorter than
a stand-by time to of 5 seconds38. The number, amplitude, and duration of contraction episodes
detected were calculated using a 5% MVC threshold as previously described39.The chosen
threshold was low enough to include low-intensity clenching and high enough to exclude
background noise and movement artefacts. To account for slight interindividual variations in
recording time, masster muscle activity was assessed as the number of masseter muscle
contraction episodes per hour (CEs/h) and the relative masseter contraction time. CEs/hr was
calculated by dividing the total number of contraction episodes detected in a participant by the
total EMG recording time(h). Total contraction time was defined as the sum of the durations of
all muscle contraction episode above a defined threshold (i.e. 5% MVC). Relative contraction
time (ReCT %) was defined as the proportion of time (%) the masseter muscle was contracted,
and it was calculated off-line as the total contraction time divided by the total EMG recording
time.
3.3.3.3 Self-reported Oral Behaviours

Oral behaviours were scored using the OBC questionnaire data as per Diagnostic Criteria for
Temporomandibular Disorders (DC/TMD) scoring manual for self-report instruments by
computing the sum of all the items. OBC summary scores were then dichotomised and
participants were grouped into a lower level of self-reported parafunction (OBC summary score
0-24) and higher level of self-reported parafunction (OBC summary score 25-84). A short version
of the OBC questionnaire (OBC-6) was used to specifically assess the tooth-clenching related
parafunctional activities

40

. This was done by computing the sum of only six items of the

questionnaire (“grind teeth together during waking hours,” “clench teeth together during waking
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hours,” “press, touch, and hold teeth together except while eating,” “bite, chew, or play with
tongue, cheeks, or lips,” “hold between the teeth or bite objects,” and “use chewing gum”).
3.3.3.4 Physical Activity

Data from the accelerometers were downloaded using GeneActiv PC software version 2.2 and
saved in the raw format as binary files. The open source package GGIR 41,was used to process
and analyse the raw accelerometer signals in R [http:/cran.r-project.org].Signal processing included
the following steps41: 1) autocalibration using local gravity as a reference; 2) detection of sustained
abnormally high values; 3) detection of non-wear time; and 4) calculation of the average
magnitude of dynamic acceleration over 5 s epochs with negative values rounded up to zero.
Files were excluded from analyses if post-calibration error was greater than 0.02 g or fewer than
10 h of wear-time recorded by the accelerometer during the recording. Detection of non-wear
time was performed as previously described41.
Moderate to vigorous physical activity (MVPA) was calculated using acceleration thresholds of
93.2 mg and 418.3 mg 42. Bouts were identified as 10 min of consecutive 5s epochs where 80%
of events were equal to or higher than the thresholds. Using GGIR, the time accumulated in
MVPA and spent in 10-min bouts of MVPA were calculated over the entire recording period.
Time spent in 10-min bouts of MVPA was then divided by the total PA recording time to calculate
the 10-min bouts of MVPA/hr.

3.3.4 Statistics

Data were analysed using IBM SPSS Statistics v22.0 with type I error set at 0.05. Descriptive
statistics (mean ± SD) were first calculated for all outputs. Data were then analysed using a linear
mixed model to investigate the association between features of masseter muscle contraction
episodes, PA levels and self-reported oral parafunctions. The assumptions for normality were
assessed for by the one sample Kolmogorov Smirnoff test and found to be normally distributed.
The response variables entered in the mixed model were “CEs/h” and “ReCT%”. The covariates
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entered in the model were “recording day” (categorial covariate; two modalities; fixed effect),
“OBC/OBC-6”

(categorial;

two

modalities;

fixed

effect),

“time

accumulated

in

MVPA”(continuous covariate) and “10-min bouts of MVPA/ hr (continuous covariate), while the
variable “study participant” was entered as a random term.

3.4 RESULTS
3.4.1 Participants

Table 1 shows the demographics of the adult women participants in the study. The majority of
the participants were university students (64.1%) in the third decade of their life (60.3%).
3.4.2 Masseter muscle activity

Masseter muscle activity was recorded for an average of 12.4 ±1.4 hours per day. The percentage
of data lost due to failure of blue-tooth connectivity of the device to the smartphone during
recording was 5.6 ± 5.8 %.
Descriptive statistics for the contraction episodes recorded during the recording session are given
in Table 3.2. Most of the masseter muscle contraction episodes in free living conditions were of
low amplitude (<10 % MVC) and short duration (<10 s). The number of masseter muscle
contraction episodes per hour and the relative contraction time, however, varied greatly
between individuals, with coefficients of variation (SD/Mean*100%) of around 50%. A 3D
histogram showing all the contraction episodes assessed for the study participants using the 5%
detection threshold is presented in Fig 3.2.
Over the two-day recording period the adult women in this study had a mean number (± SD)
of 77.4 ± 28.8 masseter muscle contraction episodes per hour and the proportion of time for
which masseter muscle contractions were observed was 15.4 ± 12.9 % (Table 3.2).
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Fig 3.2 - Pooled masseter muscle contraction episodes for all the study participants (n= 53) in

free-living conditions. Histograms show the number, the amplitude, and the duration of episodes
calculated using threshold of 5%MVC. Note that most the MMCE’s detected in free-living
conditions were mostly of low amplitude (< 10% MVC) and short duration (< 10 s).

3.4.3 Self-reported Oral Behaviour

The self-reported OBC scores for the adult women recruited for the study ranged from a low
of 4 to a high of 52.Of the 53 adult women,32 reported a low score (OBC summary score 024) and 21 reported a high score (OBC summary score 25-84). The number of masseter muscle
contraction episodes per hour did not differ significantly between women reporting low levels
(OBC summary score 0-24) and high levels (OBC summary score 25-84) of oral behaviours
(Table 3.3, Fig 3.3A; p = 0.345). OBC-6 scores were neither significantly associated with the
number of masseter muscle contraction episodes per hour (p = 0.829) nor with the relative
masseter muscle contraction time (p = 0.062). The mean relative contraction time of the
masseter muscle was slightly lower in women reporting low levels of non-functional oral
behaviours but the difference was not statistically significant (Table 3.3, Fig 3.3B; p = 0.093).
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Fig 3.3 -The relation between self-reported parafunction (OBC) to A) MMCE’s per hour (counts)

and B) Relative contraction time (%).

3.4.4 Physical Activity

No accelerometery data files were excluded due to errors in calibration or wear-time. PA
recording with the accelerometers was for a mean duration (± SD) of 13.1 ± 1.1 hours per day.
The time accumulated in MVPA also varied greatly between individuals, with coefficients of
variation (SD/Mean*100%) of around 40%.
Over the two-day recording period the adult women in this study spent a mean duration (± SD)
of 90.3 ± 35.2 mins in MVPA and the mean (± SD) number of 10-min bouts of MVPA/hr was
1.7 ± 1.7 (Table 3.2).
The mixed model regression analysis showed that the number of masseter muscle contraction
episodes per hour were significantly associated with both the time accumulated in MVPA (F=
9.9; p = 0.002) and 10-min bouts of MVPA/hr (F= 15.8; p <0.001). The regression coefficient
was negative for 10-min bouts of MVPA/hr, thus indicating that the lower the number of bouts
of MVPA the higher was the number of masseter muscle contraction episodes, and positive for
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the time accumulated in MVPA. Conversely, the relative masseter muscle contraction time was
not significantly associated with either the time accumulated in MVPA (F= 0.116; p = 0.734)
or10-min bouts of MVPA/hr (F= 2.122; p = 0.149).

Table 3.2 - Descriptive statistics for EMG (Epi/h, relative contraction time), PA (time accumulated

in MVPA, MVPA_Epi /h and time spent in 10-min bouts of MVPA (MVPA_10min) and
OBC
EMG (Mean ± SD)
Epi/h(N)

77.4±28.8

Relative contraction time (%)

15.4± 12.9

PA (Mean ± SD)
Time accumulated in MVPA (mins)

90.3±35.2

10-min bouts of MVPA/hr (N)

1.7±1.7

OBC (Number of participants)
High OBC (25-84)

32

Low OBC (0-24)

21

Table 3.3 - Mixed model analysis for the relationship between masster muscle activity , PA, and
OBC data.

Masseter muscle contraction
episodes / hour (N)

Parameter

Time
accumulated in
MVPA (mins)
10-min bouts of
MVPA/hr (N)
OBC High#
#

Relative Masseter muscle
contraction time (%)

Estimate

SEM

95% CI

p-value

Estimate

SEM

95% CI

p-value

2.3

0.7

0.8 – 3.8

0.002

0.1

0.3

-0.5 – 0.7

0.734

- 6.9

1.7

-10.4 – -3.5

0.000

0.9

0.6

-0.3 – 2.3

0.149

-5.9

6.2

-18.4 – 6.9

0.345

5.8

3.4

-1.0 – 12.7

0.093

Reference Category = OBC Low

3.5 DISCUSSION
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Objective measurements of MMA and overall PA were simultaneously obtained in a sample of
adult women during free-living conditions, using wearable devices on two separate days. A twoday period for objective actigraphy based MVPA estimates has been employed previously in
studies using the same brand of accelerometer 43.
3.5.1 Masseter muscle activity

The quantitative analysis of muscle contraction episodes in free-living conditions over the 12h
period revealed that the masseter was active above the 5% detection threshold for approximately
10% of the recording time, with marked inter-individual variability. Age related variations in
masseter muscle size may be a critical factor contributing to individual differences 44.
The number of masseter muscle contractions per hour was marginally higher (77.5 ± 28.9) than
that recorded (51.8 ± 25.7) in a previous study that validated the wearable EMG device in free
living conditions18. This may be attributed to differences between the sample characteristics and
time of recording in both the studies.
The occurrence of numerous short-duration (<10 s) and low amplitude (<10 % MVC) EMG
bursts widely distributed throughout the day is similar to previous reports for long-term EMG
recordings with portable equipment in dental students38, young adults 45, and our previous findings
obtained using the same equipment 18.
3.5.2 Self-reported Oral Behaviour

When considering the self-reported oral parafunctional behaviours in this study, no significant
association was found between the OBC scores and the frequencies of masseter muscle
contraction episodes. OBC scores were dichotomised using a threshold of 25, and participants
were grouped into a low and high level of self-reported parafunction. This threshold was based
on previous research showing that individuals with OBC values above this cut-off value
experience a higher incidence of first-onset TMDs 21.
The number of episodes of masseter muscle contraction per hour in participants who selfreported low level of parafunction and the number in those who self-reported a high level of
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parafunction were similar. The high-OBC group showed a tendency to contract their masseter
muscle less often but for longer periods than the low-OBC group, but the difference was not
statistically significant.
The OBC value combines multiple scores from different oral behaviours. To better understand
if MMA is more specifically related to occlusal contacts, a subgroup analysis limited to occlusal
parafunction (i.e. OBC-6) was carried out. Inclusion of the OBC-6 into the regression model,
however, did not influence the results significantly.
Thus, the findings of this study do not support the validity of self-reported questionnaires as a
tool to assess oral behaviours and parafunctional activities associated with occlusal contacts.
Interestingly, studies carried out under controlled lab conditions have shown that the majority of
oral parafunctional behaviours have characteristic electromyographic signatures

45,7

. Differences

between lab-based and free-living recordings may account to explain the gaps between subjective
(self-report) and objective (EMG) assessment of oral parafunctions. On one hand, EMG studies
of MMA in free living conditions are limited owing to the restrictive nature of recording
equipment. On the other hand, controlled lab-based studies eliminate the risk of concomitant
behaviours present in the natural environment that may obscure the correlation between
subjective and objective assessments. However, the trade-off is that EMG data obtained in free
living conditions outside the confines of the lab represent the natural spontaneous behaviour of
a participant. Educating patients on what is meant by behaviours such as clenching and grinding
and repeating the self-reports after the patient has been asked to monitor their behaviours over
a 1or 2-week period have also been advocated as alternatives for better accuracy 47.
3.5.3 Physical activity

As with EMG measurements used for understanding of MMA, the four aspects of PA that are
important in delineating activity level are intensity, duration, frequency, and pattern. Intensity
relates to the amount of energy expended in an activity. Duration is related to how long PA is
undertaken at a specified intensity; frequency is how often a specified PA bout (short periods of
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intense activity) is repeated within a longer time-period (often called an epoch) and pattern refers
to the time pattern of specified PA bouts within an epoch 48.
Two objective measures of PA were obtained from accelerometer data. One was the time
accumulated in MVPA as a measure of total volume of activity and second was the 10-min bouts
of MVPA/hr as a reflection of the pattern of accumulation of activity. No significant associations
were found between either of the PA measurements (time accumulated in MVPA or the pattern
of accumulation of PA) with the duration of masseter muscle contraction episodes. On the other
hand, time accumulated in MVPA was found to be significantly related to the frequency of
masseter muscle contraction episodes. Although, not recorded in free-living conditions, reports
from previous research on the association between oral behaviours49 as well as MMA during
clenching and body/limb movements50 are in agreement with the findings of this study. Results
from this study point towards the possible functional connections that may exist between MMA
and distant body/limb muscles involved in physical activity. Interestingly, a recent meta-analysis
identified excessive motor activity in children to be a risk factor for bruxism30.
When considering bouts of MVPA/hr, a negative relation to the frequency of masseter muscle
contractions was seen in the adult women participants in this study. This may be interpreted as
adult women who spend less time in 10-min bouts of PA engage in more MMA. PA guidelines
recommend that adults spend 150 min MVPA per week, accumulated in10-min bouts46
Translating this into a per day basis for the purposes of this study, these guidelines may be
interpreted as 30 min MVPA per day in bouts greater than10-mins. Analysing the PA data reveals
that most adult women in the study failed to meet the per day guidelines for 10-min bouts of
MVPA, with nearly one-third of them having no 10-min bouts of activity on either of the recording
days.
Although several temporal and climatic dimensions are associated with MVPA including outdoor
temperature, seasonal variations, weekend versus weekday patterns, time spent outdoors rather
than indoors51,52, it may be possible that the majority of the student sample (Table 1) that
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participated in this research experienced increased levels of psychological stress resulting from
study53 and/or screen use54. Such psychological stress may have impeded their efforts to be
physically active55 and meet the recommended minimum guidelines for 10-min bouts of MVPA.
Research has also shown that students undergoing stress also experience increased masticatory
muscle EMG activity56. An association between daytime clenching and anxiety has been reported
both in research that used short-term continuous EMG recording under free-living conditions57
as well as studies based on self-reports of waking state oral behaviours17.
Although a majority of studies support the hypotheses that higher stress is associated with lower
PA, it has also been noted that increasing PA can reduce psychological stress in some instances
55

. Previous research has shown that, in addition to the level of PA, the frequency and pattern of

accumulation of PA is also important in improving mental well-being58. Research has concluded
that a higher exercise frequency (30–35 min, 3–5 days per week) of PA is optimal for improving
positive moods59. Considering that nearly one-third of adult women in this study spent no time
in 10-min bouts of activity on either of the recording days, the pattern of PA may have been
inadequate to reduce stress and, in turn, possibly lower MMA. Alternatively, if the definition of a
bout of PA was reduced to 5 min, perhaps there would have been an association with MMA. It
is evident that the association between PA and MMA needs further investigation.
3.5.4 Study limitations

There are a number of potential weaknesses in this study. One concern is that increased PA and
associated movement artefacts may have contaminated the masseter muscle EMG recorded by
the wireless EMG device used in the study. Previous standardised lab testing of the device with
movement tasks involving repetitive jumping up and down from a chair, walking at a preferred
pace and running has ruled out these activities as generators of artefacts18. However, signal
contamination by crosstalk from neighbouring facial muscles is a possibility and a limitation of this
study. Secondly, analytical oral activity pattern recognition algorithms were not applied in the
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study to differentiate between different oral behaviours. Thus, not all masster muscle contraction
episodes may correspond to oral parafunctional activity.
Missing EMG data is another possible limitation of the study. The continuous long-term recording
of masster muscle EMG data relied on the smartphone being in range of the transmitting EMG
device. Despite the instruction to carry the smartphone on their person or to remain within a
3m radius of the smartphone, there were inevitably instances of the phone falling out of range of
the EMG device. In such instances, the last observation was carried forward. The LOCF method
of imputing missing data in longitudinal research studies has both advantages and disadvantages60.
Since the amount of missing data in this study was relatively low (approximately 5% of total
recording time), it is safe to assume that this shortcoming has not affected the results.
The smartphone app enabled the logging of user-defined activities, and participants were
encouraged to log information on the type of their PA in real time. However, owing to poor
compliance, adequate data on the type of activities was not recorded, preventing a classification
or grading of the PA. As a result, a time correlation analysis of the type of PA with MMA was not
possible, failing to provide a better understanding of the temporal association of MMA and PA
type for an individual. Additionally, accelerometers also do not record the context , purpose of,
type (e.g., walking, cycling) and domains of PA (e.g., home, leisure time).
In the GGIR package used for analysis, bouts were defined and identified as 10 minutes of
consecutive 5 s epochs where 80% of epochs were equal to or higher than a 93.2 mg threshold.
A limitation of this objective definition of bouts of activity is that only bouts lasting at least 10
minutes are considered in analysis; whereas activities even marginally less than this would not
count toward the goal.
Lastly, restricting the gender of the participant pool to women only may be considered as another
limitation of the study. However, epidemiologic studies suggest that females experience
symptoms related to TMD, and are more likely to seek treatment for TMD than males6163

.Therefore, only females were included to avoid variability due to gender. The age range
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selected was broad enough to include prevalence peaks of TMD between 20-40 years64 The
upper limit was set at 50 years because an increased prevalence of inflammatory-degenerative
joint disorders could be expected above this age65. Additionally, differences in exercise related
jaw muscle activity25 and PA based on gender66 have also been reported in literature.

3.6 CONCLUSIONS

Objective assessments of MMA in free moving adult women are not associated with self-reported
measure of oral behaviours, thus questioning the validity of questionnaires for assessing waketime oral parafunction. The present data supports the association of MMA with both the duration
and pattern of accumulation of overall PA. Moderate to vigorous exercise, but also physical
inactivity can be accompanied with an increase the number of masseter muscle contractions and
thus possibly of tooth clenching activity.
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4.1ABSTRACT
Objectives: The masseter muscle has been the subject of many electromyographic (EMG)

investigations, but there is limited information on the influence of electrode properties on muscle
activity characteristics. The aim of this study is to investigate the effects of inter-electrode distance
(IED), electrode material and conductive gel on EMG activity recorded from the masseter muscle.

Materials and Methods: EMG activity was recorded unilaterally from the masseter muscle using a

smartphone-assisted wireless EMG device. Two gel-based (Ag coated with AgCl and Au coated),
three gel-free (pure Ag coated with graphene, Ag alloy coated with graphene and flexible silver
nanowire embedded) electrode materials and three different IEDs (i.e. 15mm, 20mm, 25mm)
were tested in ten volunteers, as they performed a series of standardized computer guided oral
tasks consisting of jaw rest, tooth clenching, biting, chewing, and artefacts-inducing confounder
tasks. To assess the performance of the electrode materials and different IEDs an electrode
performance index (EPI) was defined as the ratio between peak and background/rest levels of
EMG activity during the performance of the standardized tasks. Mean EPI values of the biting,
clenching and chewing tasks (EPIBite, EPIChew, EPIClench) were then compared for the different
electrode materials and IEDs using a Repeated Measures Analysis of Variance (ANOVA). When
appropriate, post-hoc tests for pairwise comparisons were run using Fishers Least Significant
Difference (LSD) test.

Results: For the three IED’s tested, EPI values for the different oral tasks, EPIBite (F = 1.5; p =

0.265), EPIChew (F = .616; p = 0.564) or EPIClench (F = .334, p = 0.725) did not differ significantly.
However, for the electrodes materials statistically significant differences were found in EPI values
for the different oral tasks, EPIBite(F = 7.154; p = 0.018), EPIChew(F = 26.086; p = 0.001) and
EPIClench(F = 8.515; p = 0.012).Of all the gel-free electrode materials tested , pure silver electrodes
coated with graphene had the highest mean EPI values for the oral tasks EPIBite(14.8 ± 2.6),
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EPIChew(51.2 ± 8.8) and EPIClench(147.3 ± 22.1)tasks followed by Ag alloy electrodes coated with
graphene EPIBite(12.3± 2.6), EPIChew (41.2 ±7.1) and EPIClench (107.8±17.5) and silver nanowire
embedded electrodes EPIBite (12.1± 2.4), EPIChew (41.0±10.9) and EPIClench (101.5± 13.8).

Conclusions: Within the limitations of the study, varying interelectrode distance between 15 and

25 mm has a negligible effect on the masseter muscle EPI values. Graphene coated electrodes
and flexible silver nanowire embedded electrodes show promise as gel-free alternatives to
conventional pregelled electrodes.
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4.2 INTRODUCTION

Waking-state oral behaviours that deviate from functional activities may be detrimental to oral
health1 and are predictors of temporomandibular disorders (TMDs)2. Despite increasing interest
3-5

, waking-state masticatory muscle activity (MMA) in free-living conditions is not well

understood. This lack of understanding is in part due to a dearth of tools that can provide
objective measures of long-term MMA, and reliance on recall6 or real-time7 based self-report
tools. New technology makes it feasible to record and analyse MMA under natural conditions
outside the laboratory 8,9. Masticatory muscle electromyography (EMG) provides objective, valid,
and reproducible data on muscle contractions that can enhance the understanding of MMA10 and
is indispensable for a definitive diagnosis of wake-time occlusal parafunction11.
With the recent development and validation of a smartphone assisted wearable wireless EMG
device, MMA monitoring in free-living conditions has become feasible12. The device permits the
recording of good-quality EMG signals during routine body activity, without movement artefacts.
Direct interfacing of the device with an android smartphone allows for real-time visualization of
muscle activity data. The device is powered by a disposable 3-V coin-shaped lithium battery (CR
2032) that permits continuous recording for up to 7 days.
Although the smartphone-assisted wireless EMG device could successfully record masseter
muscle activity in free-living conditions for a day using gel-based Ag/AgCl electrodes12, issues were
noted when attempting to record for several consecutive days. Similar to other reports, during
prolonged wear of the electrode, the conductive gel underwent dimensional changes attributed
to sweat-induced swelling and dehydration-induced shrinkage13,14. Attempts to record masseter
muscle activity using such electrodes for several days had to be abandoned as subjects
experienced itching of the skin underlying the electrodes. Similar adverse reactions associated
with the use of gel-based electrodes have been reported in the literature

15,16

. Additionally,

redness of the skin overlying the masseter was observed at the end of day-long EMG recordings,
possibly due to skin abrasive paste usage prior to the EMG recording which is done to reduce
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impedance with gel-based electrodes13. Owing to these concerns, seeking electrode materials
and geometries for long-term monitoring of masseter EMG outside the laboratory is important.
Research on alternative electrode materials that can eliminate the gel and even skin preparation
without sacrificing signal quality is crucial for the successful long-term monitoring of masseter
muscle EMG. Dry electrodes, without an electrolytic gel layer, may be a potentially viable
alternative. A number of novel gel-free electrodes have recently been developed including liquid
silicone rubber-based17, silver-nanowire embedded18-20 and graphene coated electrodes21,22.
These newer electrode materials may help to overcome the limitations of standard gel-based
EMG electrodes.
While constituent materials, physical dimensions and shape of sensing electrodes are factors that
can influence EMG signals23, the centre-to-centre distance between the conductive areas of active
electrodes also has an influence on the pick-up area and is therefore relevant to muscle activity
recordings24.Previous studies have reported on the effect of electrode location on specific
muscles25–27 and shown that placement location of electrodes influences the characteristics of the
recorded surface electromyography signal28. Surprisingly, although the masseter muscle has been
the subject of many EMG investigations29, the effect of inter-electrode distance (IED) on masseter
muscle EMG has been scarcely investigated.
The aim of this study was to investigate the effect of different IEDs and different gel-based and
gel-free electrodes on the quality of electromyographic data recorded from masseter muscle
activity. The research hypothesis was that EMG data detected from the masseter muscle will
change based on different electrode materials and spacing of the electrodes.

4.3 MATERIALS AND METHODS

The study consisted of a clinical session followed by an experimental session separated by 3-7
days.
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4.3.1Participants

Ten healthy volunteers (7males,3females; mean age32.9±4.8years) were recruited from among
University of Otago students and staff as a convenience sample. The following exclusion criteria
were applied: a history of orofacial pain and headache over the past month; current orthodontic
treatment; five or more missing teeth (excluding wisdom teeth); removable dentures; facial hair
and not being able/wanting to shave; make-up and unwilling to remove it; self-reported skin
allergy to plaster adhesive; rheumatologic, neurological or psychiatric diseases; craniofacial and
genetic syndromes. Ethical approval was obtained (H16/125) and written informed consent was
collected from all participants.

4.3.2 Clinical session

Before the clinical session, the study participants completed the Diagnostic Criteria for
Temporomandibular Disorders (DC/TMD) questionnaire and the DC/TMD demographics
form30. Immediately after questionnaire completion, a single investigator (SP) performed the
standardized DC/TMD clinical examination to palpate the temporomandibular joints (TMJs) and
masticatory muscles, measure unassisted and assisted mandibular range of motion. At this stage,
participants were also briefed about the study procedure, different electrodes, bite force
measuring device, wireless EMG device, dedicated smartphone app and a computer-guided
procedure using a modified and abridged version of Oral Task Collector (OTC) software to
collect oral task data. Details of the OTC software are given in previous publications12,31. Briefly,
the OTC displays detailed instructions about different oral and confounder tasks by means of
explanatory text, still and animated images, audio and video files. Timing for tasks is given by
countdown and progress bars, enabling participants to be timely with onset, holding, and
cessation of each task.
Participants were also trained to bite accurately on a bite force measurement device (details are
provided in the following section). Participants were shown that values displayed on the
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computer screen varied with the force they applied during biting. Participants were then
requested to practice locating a bite position on the device which resulted in a constant 100 N
bite force value. At the end of this session, male participants were reminded to shave their facial
hair and female participants asked to refrain from wearing makeup during the day of the
experiment. After the clinical session, a video recording of the OTC software was mailed to all
participants, and they were encouraged to train at home at least three times in the 3–7-day
period preceding the experimental session.

4.3.3 Masseter electromyography

A recently validated miniature wireless wearable EMG device (weight = 4.1 g; size = 28x35 mm)
was used in this study12. EMG data recorded by the device is transmitted to an android
smartphone (Vodafone Smart Prime 6, Vodafone, London, UK) via the Bluetooth Low Energy
(BLE) protocol and a dedicated app helps in visualisation, calibration and logging of the EMG
activity. EMG data received from the wearable device is stored in the internal memory of the
smartphone.
4.3.4 Bite force equipment

A custom designed strain gauge transducer was used for measuring bite force. The transducer
bite area had a total vertical height of 10 mm, and was 10 mm wide. Teeth were protected by
covering both sides of the bite area with compliant Durasoft mouth guard material (Scheu-Dental,
Iserlohn, Germany). The transducer was protected from contamination by using a nitrile rubber
sheath that was removed and replaced between each participant. The change in resistance of the
strain gauges (expressed as a change in voltage) is proportional to the amount of their distortion.
The transducer voltage output was calibrated to force in Newtons with verified loads on an
Instron® Model 3369™ universal testing machine. The force and voltage values obtained from
calibration were used to create a linear regression formula to convert the voltage output from
the transducer to force in Newtons. A data acquisition tool (PicoLog2000) recorded the voltage
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output from the transducer and also converted the analog voltage signals to a digital reading. The
bite force measurements recorded from the transducer were displayed in Newtons (N) using
software (PicoLog 6) on a computer display.

B
A

Fig 4.1 - A) Custom designed strain gauge transducer was used for measuring bite force. B)

Transducer positioned in the first molar region for bite force measurements. C) Data logger
(PicoLog2000).

4.3.5 Electrode characteristics

Three different IEDs and five different electrode types (two gel-based and three dry, gel-free
electrodes) were tested (Table 4.1).
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Table 4.1- Electrode materials tested.
Electrode material

Rigid

Gelled Ag electrodes coated with AgCl
Gelled Au coated electrodes
Gel-free polymer electrodes coated with Graphene
Gel-free Ag electrodes coated with Graphene
Gel-free silver nanowire embedded electrodes

Yes
Yes
Yes
Yes
No

4.3.5.1. Interelectrode distance

25mm

20mm

A

B

15mm

C

20mm

D
Fig 4.2 - Illustration of the surfaces of the adapter boards used to test the effect of different IEDs

on the masseter muscle EMG. On one side of the adapter board, female components of snap
connectors were set at 15mm, 20mm and 25 mm (as seen in A, B & C) corresponding to the
separation between the active electrodes. On the other side (as seen in D) the male snap
connectors were set 20 mm apart to for a snug fit with the wearable EMG device.
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Gelbased
Yes
Yes
No
No
No

Three different adapter boards were used to test the effect of varying IED on masseter muscle
signal characteristics. One side of all the adapter boards (Fig 4.2D) had male snap connectors
arranged in a triangular configuration with male snaps at the base 20 mm apart and a male snap
at the apex of the triangle 23.5 mm away. This measurement corresponded to the distance of
the female snap component on the wearable wireless EMG device and ensured a snug fit of the
adapter boards to the device. The other side of the adapter boards (Fig 4.2 A, B and C) had
female components of snap connectors arranged in a triangular configuration but set at different
distances. The distance between the female component of the snap connectors at the base of
the triangle (corresponding to the active electrodes) were 15mm, 20mm, and 25 mm respectively
in the three adapter boards while the female component at the apex was at a constant distance
of 23.5 mm. The snap connector at the apex was used to connect a right leg drive (RLD)
electrode.
The male snaps of pre-gelled, disposable, Ag/AgCl electrodes (DENIS01520, 15x20 mm SPES
Medica, Genova, Italy) were then connected to the female component of the different adapter
boards before testing, with the long side parallel to the each other for the active electrodes.
Therefore, the adapter boards served as the interface between the wireless EMG device and the
different IEDs to be tested.

4.3.5.2 Electrode type

All the different electrode materials (two gel-based and three gel-free) tested with the wireless
EMG device were tested in a triangular configuration with active electrodes spaced 20mm apart
and RLD electrode at 23.5mm from the active electrodes.
The gel-free electrodes tested were flexible electrodes embedded with silver nanowire
(AgNWs). The procedure of fabrication of these AgNWs electrodes have been detailed in
previous publications19,32. Briefly, AgNWs with the length of around 20 µm and diameter of
around 90nm dispersed in ethanol solution were cast onto a pre-cleaned silicon substrate
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followed by evaporation of ethanol leaving behind a conductive network of AgNWs. The male
component of snap connectors was pressed on top of AgNWs to allow integration of AgNW
electrodes with the wireless EMG device. Liquid polydimethylsiloxane (PDMS) was poured over
the AgNWs and snap connector, degassed in a vacuum oven, and cured at 100 oC for 1 hour.
Upon peeling of AgNW/PDMS electrodes from the substrate, AgNWs were embedded just
below the surface of PDMS to provide a conductive surface while maintaining good
flexibility/stretchability.
The other gel-free electrodes tested were made by coating graphene on two different rigid
substrates. These included discs of a pure silver (SPES Medica, Genova, Italy) and a commercially
available silver alloy consisting of silver, selenium, silicon and AgCl. Graphene was coated on both
by chemical vapour deposition (CVD), similar to techniques described elsewhere33. Briefly, a
catalytic substrate (Cu foil) was initially coated to yield monolayer graphene films. The graphene
films were then transferred to the sensing surface of both the aforementioned electrodes via a
wet chemical approach that helped to etch away the Cu substrate. This was aided by a polymethyl
methacrylate (PMMA) support layer that was subsequently removed from both the graphene
coated electrode solvents using solvents34. The graphene coated discs were then glued to the
male component of snap connectors with a conductive oven cured glue.
The final two gel-based electrodes tested were represented by silver disc electrodes coated with
AgCl and gold (SPES Medica, Genova, Italy), respectively.

4.3.6 Study Procedure

At the start of each experimental session, the sequence of electrodes tested was defined using
an on-line random generator (Research Randomiser, https://www.randomizer.org).All the
electrodes to be tested were arranged in sequence next to the participant.
Participants were comfortably seated upright in front of a 20-inch computer monitor, with their
heads in natural head position (NHP)(Fig 4.3).The computer monitor was used to simultaneously
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display a) real-time EMG values of the smartphone app, b) the OTC software and c)bite force
measurement values (PicoLog 6) during the study.
Next, the anatomical boundaries of the masseter muscle on their preferred chewing side(selfreported) was determined by manual palpation. For participants lacking a preferred chewing side,
the dominant side (self-reported) was chosen as the site for the wireless device placement. The
skin at the electrode site was prepared with a skin exfoliating gel (Nuprep, Weaver and Company,
Aurora, CO, USA) followed by wiping with an 70% isopropyl alcohol swab (Briemarpak, Briemar
Nominees Pty Ltd, Australia). The protective acrylic cover used with the wireless EMG device
was then placed overlying the masseter muscle and outlined with face paint (5Star Face Paint
125ml Black, New Zealand) (Fig 4.2). This outline ensured repeated accurate placement of the
wireless EMG device with different electrode series in the same region of interest overlying the
masseter muscle. The same wireless EMG device was used with the different electrode series for
testing in all participants.
Once the desired series of electrodes was connected to the wireless EMG device, the device
was placed accurately inside the boundary outlined by the face paint. Adhesive skin tape (3M™
Durapore™ Surgical Tape 1538-1, 25mm x 9.1m) was then applied over the acrylic covering the
device to firmly secure it in place.
The wireless EMG device was then turned on paired with the smartphone app. An emulator
(VysorProxx) was used for remote control of the dedicated EMG app and also for wireless
mirroring of the smartphone EMG app on the computer display in front of the participant. In
addition, the computer display also had the OTC software displayed that guided all participants
in performing a set of standardized oral tasks as well as a number of tasks that are possible
sources of artefacts (Table 4.2).
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Fig 4.3- Participant in the lab-based masseter muscle EMG recording session prior to the start of

the tasks under OTC guidance. Note the face paint outline on the skin overlying the masseter
muscle to ensure repeated accurate placement of the wearable EMG device over the same
region of interest for the different electrodes tested.

Table 4.2 - Standardised tasks performed under OTC guidance.
Oral Function Tasks

Maximum biting efforts on aligner tray seaters (n=3)
Muscle Rest Position (MRP) aided by biofeedback (n = 1)
Standardised moderate biting effort (100 N) on a custom bite force measuring gauge (n = 1)
Gum chewing on the ipsilateral side (n=1)
Possible sources of EMG artefacts
Repetitive jumping up and down from the chair (n=3)
Gentle touching the device (n=1)
Vigorous pushing the device (n=1)

The first oral task that OTC guided participants were a set of 3 maximum clenching efforts on
aligner tray seaters (ChewiesTM, Dentsply, York, PA, USA) positioned between first molars on
the recording side. Each clenching effort lasted 3 seconds with an interval of 15 seconds between
repeats.
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Dur
(sec)
3
10
10
10

3
3
3

This next oral task was guided by visual biofeedback and involved study participants keeping their
masseter muscle relaxed. Prior to the onset of this task, the explanatory text of OTC redirected
the attention of the participants to the smartphone app mirrored on the computer monitor. For
this task, participants had to remain still and completely relax their masseter muscle at minimum
activity for 10 seconds. Participants, looking into the computer monitor, were able to visualise in
real-time an objective value of their masseter muscle activity logged by the smartphone app. This
visual biofeedback provided by the smartphone app mirrored on the monitor, assisted them to
relax and rest their masseter muscle with minimal activity.
The next oral task was a standardised 100 N biting task for a 10 second duration, also performed
under visual biofeedback guidance. Prior to the onset of the standardised biting task, the
explanatory text of OTC redirected the attention of participants to the PicoLog 6 software that
displayed the bite force measurement values. The bite force transducer was placed between the
maxillary and mandibular first molar teeth on the EMG recording side immediately before the
onset of the biting task and participants then performed a bite on the transducer at constant bite
force of 100 N for 10 seconds. Similar to the masseter muscle relaxation task, the standard bite
force task was also assisted by the visual biofeedback from the PicoLog 6 software displayed on
the monitor.
The final oral task consisted of chewing a gum (Wrigleys, Extra™ Peppermint, New Zealand) at
a constant pace of 1.5 Hz that was visually cued using animations in OTC.
Participants also performed potential confounder tasks, i.e., tasks that are possible sources of
movement artefacts (Table 4.2). Short rest breaks (>30 s) were present between the different
tasks. The EMG device was unpaired from the smartphone app and the device was turned off at
the end of testing an electrode. This procedure was then repeated for all electrode materials and
IEDs. Synchronized full face video recordings were also taken and used for off-line quality check
of task performance. At the end of the experimental session, the face paint outline was removed
using water.
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4.3.7 EMG data processing

Masseter muscle activity was sampled by the wireless device at 1000 Hz using a programmable
gain right leg drive amplifier (ADS1291, Texas Instruments, Dallas, Texas) and digitally sampled
with 24-bit resolution. The data were down-sampled to 8 Hz by computing root mean square
(RMS) power in non-overlapping 125 ms rectangular windows. The RMS data (24 bit) were then
wirelessly transmitted in packets of four data points every 500 ms to an android smartphone.
Data transmitted wirelessly to the smartphone included a device unique identifier, a time stamp,
and the EMGRMS data. The EMGRMS for the different electrode series were then transferred from
the smartphone onto a laptop and imported into MATLAB (R2016b, MathWorks, Natick,
Massachusetts, USA) for analysis.

4.3.8 Data Analysis

As an objective measure of the performance of the different electrode materials and IED’s, an
electrode performance index (EPI) was defined and calculated for the oral tasks tested. This index
is representative of the signal-to-noise ratio, where the rest/background noise was calculated
using the minimum activity levels of the masseter muscle recorded during the rest position task.
The rest/background activity was calculated by averaging the EMGRMS values, over a 10-second
window with the lowest activity levels measured during the rest task (EMGRest) and then used as
denominator to calculate the EPI.
For the clenching task, the peak EMGRMS values for each of the three maximum clenching efforts
was determined and the mean calculated. The mean value of the three maximum clenching
efforts was divided by EMGRest and used to estimate the EPI for the clenching task (EPIClench).
For the standardised 100N biting task, the average over a 3-second window taken from the
middle of the task recording was calculated. This was done in order to discard the activity ramps
indicating task onset and cessation. The mean value obtained for the standardised biting task was
then divided by EMGRest to obtain the EPI for the biting task (EPIBite).
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For the chewing task, a custom MATLAB script was written to sum the peak values during the
task and divide by the sum of the all the trough values for the EPI of the chewing task (EPIChew).

4.3.9 Statistical analysis

Analyses of the EMG EPI data were conducted in IBM SPSS Statistics v22.0. Descriptive statistics
were first calculated for all outputs. Differences between groups were considered to be significant
at p values<0.05. Mean EPI values of the different tasks (EPIBite, EPIChew, EPIClench) were compared
for the different electrode materials and IEDs using a Repeated Measures Analysis of Variance
(ANOVA). When appropriate, post-hoc tests for pairwise comparisons were run using Fishers
Least Significant Difference (LSD) test.

4.4 RESULTS

All participants were able to complete the computer guided OTC tasks (Table 4.2). The masseter
muscle electromyographic activity differed based on the task performed. As expected, maximum
level of muscle activity was noted for the clenching task. This was followed in decreasing order
by the chewing task and standardised bite. Least amount of activity was noted for the
biofeedback-induced muscle rest position task (Table 4.3).
Table 4.3 - Masseter muscle EMG values (μV) for oral tasks performed under OTC guidance

using standard gelled Ag-AgCl electrodes at 20 mm separation.
Oral Tasks

Amplitude (μV) Mean (SD)

Muscle Rest Position (MRP) aided by biofeedback (n=1)

3.3 ± 0.4

Standardised moderate biting effort (100 N) aided by
biofeedback(n=1)

54.6 ± 31.7
361.8 ± 216.1

Gum chewing on the ipsilateral side (n=1)
Maximum biting effort on aligner tray seaters (n=1)
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505.1± 255.8

For the confounder tasks (Table 4.2), no signal artefacts were seen for the different IEDs tested.
However, for the electrode materials tested, sharp spikes in signal amplitude were observed
during the confounder task that involved pushing of the device with the gel-based gold coated

Amplitude (EMG RMS)

electrodes (Fig 4.4).

High intensity clenches

Chewing
Muscle rest

Push Jump

Touch

Standard bite

Time (sec)
High intensity clenches

Amplitude (EMG RMS)

Chewing

Standard bite
Touch

Muscle rest

Push Jump

Time (sec)

Fig 4.4 - Representative electromyograms from recordings of masseter muscle sEMG with the

wireless device during the experiment using a gel-based and gel-free electrode. Note the
presence of spikes in signal amplitude corresponding to the confounder tasks indicating the
presence of movement artefacts for the gel-based gold coated electrodes.

Table 4.4 - EPI values during the different oral tasks for the different electrode tested
EPIBite
Inter-electrode distance
15mm

20mm
25mm
Electrode material
Gelled Ag electrodes coated with
AgCl
Gelled Au coated electrodes
Gel-free Ag alloy electrodes coated
with Graphene
Gel-free pure Ag electrodes coated
with Graphene
Gel-free silver nanowire embedded
electrodes

EPIChew

EPIClench

Mean

SE

95%CI

Mean

SE

95%CI

Mean

SE

95%CI

10.9
13.0
13.3

2.1
2.6
2.7

6.0 -15.7
7.0 -19.0
7.0 –19.6

35.2
36.2
40.2

6.7
7.8
6.5

20.0- 50.3
18.5- 53.8
25.3-55.1

114.8
118.9
126.4

20.0
21.2
19.5

69.3-160.3
70.7- 167.0
82.2-170.5

12.7

2.1

7.9 –17.6

34.9

7.9

16.9-52.9

120.5

13.7

89.5-151.5

3.5

0.4

2.4 – 4.6

9.9

1.9

5.5 - 14.3

45.5

8.3

26.6-64.4

12.3

2.6

6.4 –18.2

41.2

7.1

25.0-57.4

107.8

17.5

67.9-147.6

14.8

2.6

8.8 –20.7

51.2

8.8

31.3 -71.1

147.3

22.1

97.1- 197.5

12.1

2.4

6.5 –17.8

41.0

10.9

16.3-65.8

101.5

13.8

70.1-132.9
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Although a gradient for EPI values increasing with increasing IED was noted for all the oral tasks
(Table 4.4, Fig 4.), ANOVA showed no statistically significant effect of IEDs, during the biting task

EPI

(F = 1.5; p = 0.265), chewing task, (F = .616; p = 0.564) and clenching task, (F = .334, p = 0.725).

INTER- ELECTRODE SPACING

Fig 4.5 - Effect of interelectrode spacing on the EPI values for the masseter muscle

electromyographic signals during the performance of the different oral tasks

EPI

Gel-based electrodes
Gel-free electrodes

ELECTRODE MATERIALS
Fig 4.6 - Effect of electrode material on the EPI values for the masseter muscle electromyographic

signals during the performance of the different oral tasks. A - Gelled Ag electrodes coated with
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AgCl, B - Gelled Au coated electrodes, C - Gel-free Ag alloy electrodes coated with Graphene,
D - Gel-free pure Ag electrodes coated with Graphene, E - Gel-free silver nanowire embedded
electrodes.

However, ANOVA showed that for the electrode materials tested, statistically significant
differences were found for all oral tasks including biting, (F = 7.154; p = 0.018) chewing, (F =
26.086; p = 0.001) and clenching, (F = 8.515; p = 0.012) (Fig 4.6).
Post hoc tests for the different electrode materials showed significant differences in the mean
EPIBite values for the gel-based gold coated electrodes when compared to all other electrode
materials tested including gelled Ag electrodes coated with AgCl (p = 0.024), gel-free Ag alloy
electrodes coated with graphene (p = 0.042), gel-free pure Ag electrodes coated with graphene
(p = 0.006) and gel-free AgNW/PDMS electrodes (p = 0.033).
Post hoc tests showed significant differences in the mean EPIChew values between the gel-based
gold coated electrodes and the gel-free Ag alloy electrodes coated with graphene (p = 0.020)
as well as the gel-free pure Ag electrodes coated with graphene (p = 0.006).
Post hoc tests showed significant differences in the mean EPIClench values between the gel-based
gold coated electrodes and gelled Ag electrodes coated with AgCl (p = 0.004) and gel-free pure
Ag electrodes coated with graphene (p = 0.011).

4.5 DISCUSSION

The effect of different electrode materials and inter-electrode spacing on the EMG activity of the
masseter muscle was investigated under controlled lab tests. Both gel-based and gel-free
electrode materials and electrodes set at three different distances were tested in this study. To
the best of our knowledge, this is the first study to investigate the effect of different electrode
materials and IED’s on masseter muscle EMG.
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4.5.1 Oral Tasks

Clenching, biting and chewing are oral tasks that generally involve rhythmic or sustained
contractions of the masseter muscle and were used in the standardised lab tests. These tasks
form a major portion of everyday oral functional activities and have also been extensively studied
in masticatory muscle EMG research35.It has been shown that clinical mandibular rest position is
actually an active muscle position36. There is generally high variability in resting baseline EMG of
the masticatory elevator muscles37. Disagreement also remains over the actual mandibular
position corresponding to minimal activity or EMG rest position38. Instructing participants to relax
their masticatory elevator muscles is often followed by anything but relaxation and participants
display highly variable EMG patterns39. Owing to the aforementioned reasons we chose to use a
biofeedback based approach to encourage participants to relax their masseter muscle with
minimal activity as this helps produce lower EMG values than at clinical rest40. Real-time visual
biofeedback of EMG values from the smartphone app mirrored on the computer display during
testing provided participants a greater awareness of their masseter muscle during the rest task
and also enabled them to manipulate masseter muscle activity at will.
For this study, the EPI was used as a surrogate practical measure of effective signal to noise ratio
for the different IEDs and electrode materials during the performance of standardised oral tasks.
4.5.2 Inter-electrode distance

For the three different IEDs tested on the masseter muscle in this study the EPI values were
found to be very similar. In a previous investigation that examined the effect of IEDs on the
masseter muscle using a linear electrode array reported that spectral and, in particular, amplitude
EMG variables were sensitive to IED and suggested IEDs of at least 10–15 mm when placing the
electrodes without reference to optimisation criteria41 .The bulk of masseter muscle EMG
research has followed the SENIAM (Surface Electromyography for the Non-Invasive Assessment
of Muscles) recommended 20 mm IED42 with some exceptions5. It was interesting to note that
both reducing and increasing the IED by 5mm in comparison to the SEINAM recommended 20
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mm did not significantly alter the EMG signal characteristics of the masseter muscle. Since signal
characteristics were found to be unaffected even at a smaller IED, it indicates the possibility of
further miniaturization of the recently described wearable EMG device12.With the present
triangular configuration of electrodes used with the EMG device, trained personnel are required
for placement. With further miniaturisation designing an electrode geometry insensitive to
orientation of placement over the masseter may also be possible. This may be advantageous for
self-application by non-trained individuals and home-based MMA monitoring.
4.5.3 Electrode materials

Sensor noise may be solved with better sensor materials and in this study quality of signals and
artefact contamination during oral motor task performance was used for quantification of the
different electrode materials.. Therefore, both gel-based and gel- free electrodes of different
materials were tested in the present study. Surface Ag/AgCl electrodes with wet conductive gels
are the most commonly used electrodes in EMG studies42.They have been well characterized and
properties like better drift and noise performance at low frequency measurements and lower
susceptibility to movement artefacts contribute to excellent electro-physiologic recording
properties14,43. EPI values obtained with the gel-based Ag/AgCl electrodes in this study also
corroborate these findings.
Though gel-based electrodes adhere well to the skin, they are problematic from a patient comfort
standpoint for long-term MMA monitoring. Dry gel-free electrodes address the comfort issues
of gel-based electrodes, but on the other hand are much more difficult to secure to the skin44.
Contrary to popular belief, the superiority of certain gel-free electrodes over standard gel-based
Ag/AgCl in several aspects has been reported14.However, this lab-based study was limited to only
two specific dry electrode implementations. In the present study the performance of three newer
gel-free versions (two rigid and one flexible) of electrodes were tested on the masseter muscle
during standardised oral tasks.
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Our findings indicate that all the newer gel-free electrodes tested, namely, pure silver and silver
alloy disc electrodes coated with graphene and the AgNW/PDMS electrodes performed well for
the different oral tasks. The rigid pure silver disc electrodes coated with graphene had the best
performance of all tested electrodes. This is not surprising given the fact that silver is well known
as one of the most conductive elements with a possible additive effect being conferred by the
outstanding electrical properties of graphene 45.
In addition, there are other attractive properties of graphene layering. Firstly, a CVD graphene
layer contributes to the chemical inertness of underlying metal due to its corrosion prevention
effect46,47 with the effect lasting several months48.This prevents deterioration of underlying
substrate and helps overcome the problems associated with dehydration induced dimensional
change seen in gel-based electrodes after air exposure. Secondly, due to their good
biocompatibility and electrochemical stability, graphene coated sensors are increasingly being
used in human health monitoring applications49. Lastly, being gel-free they obviate the need for
skin preparation. All of these properties along with the superior EPI values noted for the oral
tasks in this study suggest that graphene coated gel-free electrodes are suitable for long-term
masticatory muscle EMG.
Since both rigid and flexible gel-free electrode materials were tested, three confounder tasks to
examine if movement artefacts influenced the performance of the electrodes were also included
in the standardised lab tests. This included gentle touching of the device, pushing of the device
and jumping up and down movements from a seated position (Table 4.2). Flexible gel-free
electrodes have the advantage of better skin conformability, increasing comfort and contact area19
but may be prone to distortion. Despite the flexible nature of the AgNW/PDMS electrodes,
pressure deformations arising from the touch or push confounder tasks did not induce any
movement artefacts.
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4.5.4 Study Limitations

The present study has a few limitations. Firstly, it was performed with a small convenience sample
of healthy participants which resulted in a low power for the different tests. EMG data detected
in this relatively small sample may have limited external validity. Next, variation in masseter muscle
size contributes to the differences in masseter muscle activity50.There were differences in the
craniofacial traits, gender and age of participants included in this study. However, the main focus
was to compare the masseter muscle EMG based on the performance of different electrode
series within the same subjects. Lastly, there were slight differences in the pick-up area of the
different electrode materials tested.

4. 6 CONCLUSIONS

Within the limitations of the study, varying interelectrode distance between 15 and 25 mm has
a negligible effect on masseter muscle EMG. Graphene coated electrodes and flexible silver
nanowire embedded electrodes show promise as gel-free alternatives.
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5. DESIGN AND PROTOTYPE OF A NEW VERSION
WIRELESS WEARABLE EMG DEVICE
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5.1 INTRODUCTION

As a step towards wearable devices for jaw activity monitoring, the initial part of this research
successfully completed the validation of a smartphone assisted wireless wearable EMG device
that used gel-based silver–silver chloride sensing electrodes. However, for long-term (i.e., several
days) use of the device in home-based settings by non-trained individuals; there were limitations
that had to be overcome.
Firstly, attempts for long-term (i.e., several days) monitoring of MMA were unsuccessful primarily
due to the gel-based electrodes used with the device. Problems encountered include pruritus
and itching to the skin underlying the electrodes, sweat accumulation at the gel body interface
leading to interference with the electromyographic signals and drying out of the gel after 24-hour
recordings. An additional problem due to the gel-based nature of the electrodes was the need
for skin preparation with abrasive pastes to reduce impedance. The test results from chapter 4
suggest that graphene coated and flexible silver nanowire embedded electrodes are promising
gel-free alternatives to the present gel-based electrodes. In addition, the IED test results suggest
the possibility of further miniaturization of the device without compromising signal characteristics.
Secondly, with the present triangular configuration of the device trained personnel are needed
for accurate placement overlying the muscle of interest. However, for most wearable devices
used in healthcare settings, easy self-application is imperative. In redesigning the device, an
important goal was to enable easy self-application of the device with minimal training in homebased settings. Selecting an electrode geometry in which signal characteristic remain unaffected
in spite of rotations when positioning overlying the muscle was important. In the past, bipolar
concentric electrodes have been successfully demonstrated to be invariant to rotations1,2. The
concentric electrode geometry permits greater leeway while placing the device over the muscle
of interest thereby increasing the ease for self-application.
Thirdly, a proportion of data failed transmission from the device to the smartphone in the freeliving recording sessions whenever the device moved beyond the BLE transmission distance. With
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the present version of the device, when this happened, an additional binary variable was created
and missing data were replaced on-phone using the method of last observation carried forward
(LOCF). For the tests conducted in free living conditions, the mean value of data loss due to
failure BLE transmission was found to be 4.2 ± 6.3% and 5.6 ± 5.8 % in the device validation
study and the study examining MMA and PA in adult women respectively. Missing data, although
not significant, was still a problem that needed attention.
Lastly, the present version of the wearable EMG device is limited to a single functionality of
muscle electrical activity monitoring, with no information on movement data. Also, the present
version of the device is powered by a disposable 3-V coin-shaped lithium battery (CR 2032) and
cannot be used in wet environments.
Therefore, while designing the new version of the device, the goals were
1. Overcoming the limitations of the gel-based electrodes for long-term recording
2. Further miniaturization
3. Self-application by non-trained individuals in home-based settings
4. Smart buffering to overcome data loss arising from BLE connectivity problems
5. Improving functionality to include motion sensing in addition to EMG recording
6. Water proofing
7. Wireless charging

5.2 Electrode fabrication

Previous research has reported that a concentric electrode geometry is invariant to rotations and
formed the basis of the circular geometries that were designed and tested. A 3D computer aided
design (CAD) software (Autodesk ® Fusion 360 ™) was used to design the different electrodes
to be tested. Briefly, drawings of the electrodes in two different shapes (arcs and discs) were
created using the “sketch” tool in the design software. The “extrude” function of the software
was then used to increase the thickness of the shapes to create 3D arcs and discs of 1mm
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thickness. The 3D shapes were then exported in the stereolithography (STL) file format. Two
sets each of all the 3D STL files were printed in resin (VisiJet® M3 Pearlstone) using a dental 3D
printer (ProJET 3510 MP™) and subsequently cast in pure silver (Fig 5.1). One set of the pure
silver shapes was coated with CVD graphene and the other set was electroplated to yield a layer
of silver chloride. The arc and disc electrodes were then arranged to create five different (I, II, III,
IV and V) circular electrode geometries. (Fig 5.3 – Fig 5.7)

Fig 5.1 – Arc and disc shaped electrode
components made of pure
A
B silver.

5.3 Electrode testing

Adapter boards were used for testing of the different circular electrode geometries. One side of
the adapter boards had conductive traces shaped exactly like the five circular geometries to be
tested. Both the graphene coated and silver chloride layered arc and disc shapes were attached
to the conductive traces on the adapter boards using a conductive glue (Fig 5.2A). The other
side of the adapter boards had male snap connectors (Fig 5.2B) to attach onto the corresponding
female connectors on the wearable wireless device.

A

B
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Fig 5.2 – An example of the circular adapter board used for testing. A – The sensing side with

the disc and arc electrode components. B - The opposing side that interfaces with the wearable
EMG device with the snap connectors.

All testing was carried out in a single volunteer. Prior to testing, all the adapter boards were
arranged next to a volunteer. The adapter boards with the geometry to be tested was then
attached to the wearable EMG device. Next, the anatomical boundaries of the masseter muscle
on their preferred chewing side was determined by manual palpation. The skin at the electrode
site was prepared with a skin exfoliating gel (Nuprep, Weaver and Company, Aurora, CO, USA)
followed by wiping with an 70% isopropyl alcohol swab (Briemarpak, Briemar Nominees Pty Ltd,
Australia). For the silver -silver chloride electrodes a thin layer of conductive gel was then applied
to the sensing surface of the electrodes just before testing.
The EMG device with the electrode geometry to be tested was then placed overlying the
masseter muscle and firmly secured in place with adhesive skin tape (3M™ Durapore™ Surgical
Tape). During testing, the volunteer performed a set of 3 maximum clenching efforts on aligner
tray seaters (Chewies

TM

, Dentsply, York, PA, USA) positioned between first molars on the

recording side. Each clenching effort lasted 3 seconds with an interval of 15 seconds between
repeats.
Fig 5.3 shows the first geometry tested. For this geometry, tests were repeated by varying the
active and RLD electrodes positions by manipulating the conductive traces (Fig 5.2 B). Tests were
performed for both sets of electrode materials namely graphene coated and silver-silver chloride
electrode geometries.
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Fig 5.3 - Illustration of the sketch dimensions (left) and 3D geometry I (right) of the first circular

adapter board with electrodes that was tested.

This was followed by testing of the remaining 4 geometries (Fig 5.4 -Fig 5.7). For these geometries
(II, III, IV and V), tests were also repeated by rotating the device by 90 degrees until they returned
to the original testing position. Tests were performed for both sets of electrode materials namely
graphene coated and silver-silver chloride electrode for all geometries.

Fig 5.4 - Illustration of the sketch dimensions (left) and 3D geometry II (right) of a circular adapter

board with electrodes. The arcs were the active electrodes and the discs were the RLD
electrodes.
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Fig 5.5 - Illustration of the sketch dimensions (left) and 3D geometry III (right) of a circular adapter

board with electrodes. The arcs were the active electrodes and the mini discs were the RLD
electrodes.

Fig 5.6 - Illustration of the sketch dimensions (left) and 3D geometry IV (right) of a circular adapter

board with electrodes. The arcs were the active electrodes and the RLD electrodes were elliptical
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Fig 5.7 - Illustration of the sketch dimensions (left) and 3D geometry V (right) of a circular adapter

board with electrodes. The arcs were the active electrodes and the central disc was the RLD.

5.4 Test results
Table 5.1 – Mean EMGRMS of different circular electrode geometries during maximum clenching
Material

Geometry

Silver coated with CVD Graphene

Silver – Silver chloride

a

Mean EMGRMS

I

1758

II

1843

III

1456

IV

1501

V

1221

I

1558

II

1332

III

1201

IV

1145

V

1045

(a , b)

Peak values produced during the three clenching efforts were noted and the average of the

three clenches was calculated.

b

Values presented are only for the position(active electrode and

0

RLD) and orientation(90 rotations of the circular geometries) that showed the highest mean of
the three clenching efforts.
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Gel-free graphene coated electrodes had higher peak signal values during clenching than the gelbased silver-silver chloride electrodes for all the circular geometries tested. For all geometries,
during rotation tests, highest peak signal values were observed when the active electrodes were
along the long axis of the muscle. As results from the circular geometries were not encouraging,
further testing of the circular geometries was abandoned and focussed on an alternate design for
the device.
5.5 New device design

A new oval shaped device was designed in CAD software (Autodesk

®

Fusion 360 ™). The

device included two circular active electrodes and two elliptical RLDs (Fig 5.8) with the active
electrodes separated by 18mm.

Fig 5.8 Illustration of the sketch (left and middle) and 3D geometry (right) of a new oval shaped

PCB with electrodes
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Fig 5.9 Size comparison of the new PCB (on the left) to the present version (right)

The new version of the device was smaller in size (Fig 5.9, Fig 10) than the existing version. In
addition to the main hardware components the new device also features an accelerometer,
wireless charging capability and flash memory for buffering data.

A

B

Fig 5.10 A – Conductive trace side of the PCB. B – New electrodes mounted on the conductive

traces.
5.6 Adhesive foam

For the new version of the wearable EMG device, double-sided skin adhesive foams for wearable
medical device applications (3M™ 9917 and Avery Dennison™ MED 6017) were chosen in two
different thickness, 1.5mm and 2.0 mm. This was to enable usage with both gel-based and gel-
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free version of electrodes. The foams chosen were breathable, repositionable, confirmable and
with a wear time of 3 days. Fig 5.11 shows the sequential steps involved in the CAD (Autodesk
®

Fusion 360 ™) of the adhesive foam for the new device. This design was exported as a STEP

(Standard for the Exchange of Product Data) file and laser cut from a sheet of foam to the desired
shape (Fig 12).

Fig 5.11 Illustration showing the sequential stages in designing the adhesive foam for the new

device.

Fig 5.12 – Double sided adhesive foam for use with the new device after laser cutting
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5.7 Encapsulation Mold

For resistance to shock and vibration, and for exclusion of moisture and corrosive agents, the
PCB with on board electronics was encapsulated in an electronics encapsulation mix. For this a
two-piece mold was designed in CAD (Autodesk ® Fusion 360 ™) software (Fig 5.13).

Fig 5.13 - Different views of the two-piece mold used for device encapsulation

Draft analysis in the CAD (Autodesk ® Fusion 360 ™) software was done corresponding to the
pull direction of the device from the mold. Maximum positive draft in green was seen (Fig 5.14)
indicating the absence of any undercuts in the mold

Fig 5.14 - Image showing the results of the draft analysis showing all areas in green indicating

easy device removal from the mold
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The mold was then printed in resin (VisiJet® M3 Pearlstone) using a dental 3D printer (ProJET
3510 MP™) and cleaned. The conductive trace side of the PCB was covered with a thin layer of
tape (Fig5.15A). The PCB was then stabilised in the lower half of the mold (Fig5.15B).

A

B

C

D

Fig 5.15 A - The conductive trace side of the PCB covered with tape. B - PCB secured in the

lower half of the two-piece mold. C - Upper half of the two-piece mold. D - PCB enclosed
in the mold prior to encapsulation.
This was followed by tight closure with the upper half of the two-piece mold (Fig5.15D). Next,
a two-component encapsulation polyurethane resin (Electrolube™ UR5634) was carefully mixed
and loaded into a syringe. The resulting liquid compound from the syringe was then extruded
through the hole of the mold while intermittently tapping to avoid air incorporation. A 24-hour
period was allowed for the two-part polyurethane mix to hardens over. At the end of the 24hour period the encapsulated device was carefully removed from the mold.
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Fig 5.16 Illustration showing different 3D views of the new version of the device
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6.1 GENERAL DISCUSSION

The aim of this research project was to explore the use of wearable devices to objectively
monitor jaw activity in real life settings. Specifically, to obtain sEMG measurements and track
mandibular motion in the natural environment. The objectives were to explore the role of a
wearable wireless EMG device for monitoring masticatory muscle activity in real-life settings,
optimise electrode characteristics for long-term recording of masticatory muscle activity in real
life settings and also develop and optimise a wearable for tracking jaw motion.
A smartphone assisted on-body wearable sEMG device was successfully validated and found to
be well suited for continuous day-long recording of masseter muscle EMG. The device permits
natural motions of the skin and body without adversely affecting signal quality. Most masseter
contraction episodes during normal routine were of found to be of low amplitude (< 10%MVC)
and short duration (< 10 s) , similar to previous research that used wired portable recording
equipment1-3 ..
Using the validated wearable EMG device and a wrist accelerometer, objective measurements of
masticatory muscle activity and daily physical activity were then carried out in a sample of adult
women in the natural environment. Following the recordings of masticatory muscle activity and
physical activity, self-reported oral behaviours were assessed using a questionnaire. This study
examined the relationship between masticatory muscle activity, self-reported oral behaviours and
physical activity in adult women participants. Interestingly, objectively assessed MMA was not
found to be associated with self-reported oral behaviours in free moving adult women. Moderate
to vigorous exercise and physical inactivity were accompanied with an increase the number of
masseter muscle contractions and thus possibly of tooth clenching activity.
Although the duration of recording was similar and comparable in this cohort of adult women,
two consecutive days of recording may have been insufficient to allow subjects to “forget” the
recording device, i.e. it cannot be excluded that the individuals undergoing recording changed
their habits, although they were instructed not to do so. Furthermore, despite care being taken
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to avoid verbal dialogue or instruction that sensitised the patient, a possible Hawthorne Effect4
cannot be excluded.
sEMG which, in spite of likely being the best method to record the masseter muscle contraction
behaviour in the habitual environment, is not free of limitations. Indeed, sEMG recordings are less
accurate than recordings with intramuscular fine-wire electrodes5 because the intramuscularly
recorded EMG signal is not contaminated by crosstalk from other muscles 6 which is the case
with sEMG devices, especially when recording low-intensity contractions. During recordings, the
signal could have been contaminated by crosstalk from neighbouring facial muscles (e.g.
buccinator).
In addition, analytical pattern recognition algorithms were not applied to differentiate between
different oral behaviours. Further studies are necessary in order to assess which threshold level
allows the best recognition of parafunctional activity. This evaluation would likely require
combined simultaneous registration of tooth contacts and sEMG.
Periods of self-reported activity such as eating and physical activity were also not excluded or
analysed separately. Future studies may also focus on a classification or grading of the PA, which
may help carry out a time correlation analysis of the type of PA with MMA providing a better
understanding of the temporal association of MMA and PA type for an individual. Additionally
information on the purpose, type (e.g., walking, cycling) and domains of PA (e.g., home, leisure
time) may also be added in future research.
A further limitation was the lack of bite force measurements7 for calibration of EMG as an
alternative to MVC, as such a measurement would circumvent the need for calculations reliant
on MVC to determine the contraction episodes and relative contraction time. MVC was found
to be highly variable between individuals. This is not altogether surprising given the degree of
individual variation in the size and form of the masseter muscle.
Missing data is another limitation of this study. The use of a wireless EMG device introduced the
need for a smartphone to act as a data recorder. The continuous recording of data relied on the
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smartphone being in range of the EMG device. Despite the instruction to carry the smartphone
on their person or to remain within a 3m radius of the smartphone, there were inevitably
instances of the phone falling out of range of the EMG device. In such instances, the last outcome
was carried forward. This method has drawbacks8 and in order to prevent future instances of
data loss the new version of the device will be supported by smart buffering
Subsequently, to overcome limitations of the gel-based electrodes used with the wireless EMG
device and to examine possibilities for miniaturization, research was directed at different
electrode materials and inter-electrode distances. Graphene coated electrodes and flexible silver
nanowire embedded electrodes emerged as promising gel-free alternatives to conventional
pregelled electrodes previously used with the device. However, before using them for long-term
recordings, these dry electrode materials will need further testing to get a better understanding
of their durability and wear resistance. Interestingly, reducing the IED had a negligible effect on
the recordings suggesting the possibility for further miniaturization. These results formed the
foundation for designing and prototyping the new version of the device.
Simultaneously, a proof of concept for the development of a wearable system for mandibular
motion tracking was also established. The progress achieved and obstacles faced in this regard
are briefly presented in Appendix 7.10.

6.2 FUTURE RESEARCH DIRECTIONS

In the not too distant future, it is anticipated that information about an individual’s current
biophysical status will be used to provide patient-centric, personalised medicine to prevent,
diagnose, and treat disease,9 with wearable medical devices playing a key role10,11. Although
challenges exist12, the future of bioelectronic therapeutics also looks promising with a research
road map for a new class of medicines based on modulating electrical signalling patterns being
alluded to13,14.
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This research project was successful in validating a smartphone-assisted wearable EMG device,
with which diagnostic information, including the frequency, duration and intensity of masticatory
muscle contraction episodes over day long recordings can reliably be obtained. A recent
commentary suggested studies on large-scale, non-selected population samples representing the
entire continuum of EMG/MMA activities are necessary, in order to estimate untreated health
risks in the population15. Collecting MMA information in the natural environment with this
validated user-friendly, wearable EMG device is certainly possible, which is a positive step toward
achieving this objective in the near future.
The positive effects of EMG based biofeedback in improving conditions of orofacial muscle pain1618

, hyperactivity19,20 and hypoactivity21-,23 have been well documented and supported by

randomised controlled trials24 and systematic reviews25,26. Real-time visual representation of MMA
provided by the smartphone paired with the wearable EMG device opens up distinct possibilities
for biofeedback and/or ecological momentary intervention27 based rehabilitation. In the future,
EMG based biofeedback in the form of auditory, visual or text-based reminders28 to the
smartphone are definitely a viable option. Future studies may also use pattern recognition
algorithms to distinguish between oral behaviours.
Future research will involve self-application by research participants in home based settings and
extensive testing of the new device in the natural environment. Finally, establishing a proof of
concept experiment for TMM with commercially available precision desk top robotic arms,
capable of 3D movements, may overcome the issue of instability experienced with the selfassembled system we used.
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7.3 AMENDMENT APPROVAL

H16/125

Academic Services
Manager, Academic Committees, Mr Gary Witte

15 March 2017

Professor M Farella
Department of Oral Sciences
Faculty of Dentistry

Dear Professor Farella,
I am again writing to you concerning your proposal entitled “Jaw muscle overload as a
possible cause of orofacial pain”, Ethics Committee reference number H16/125.
Thank you for your request for amendment of 13th March 2017.
You note that you would like to include a short preliminary study to validate the wireless
electromyography (EMG) patch against conventional electromyographic equipment to be
used as standard reference standard. It is understood that this pilot study will include ten
dental students who will be asked to perform a range of routine oral tasks.
The Committee accepts and approves the amendment and thanks you for providing the
revised Participant Information Sheet.
Your proposal continues to be fully approved by the Human Ethics Committee. If the nature,
consent, location, procedures or personnel of your approved application change, please
advise me in writing. I hope all goes well for you with your upcoming research.
Yours sincerely,

Mr Gary Witte
Manager, Academic Committees
Tel: 479 8256
Email: gary.witte@otago.ac.nz

c.c. Professor W M Thomson

Department of Oral Sciences
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7.8.2 Oral Presentation, Queenstown Research Week, 5 September 2019. QMB Satellite on
Medical Devices & Technology
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7.9 SCRIPTING LANGUAGES
7.9.1 Custom MATLAB Script for EPICHEW

% EPICHEW
% Import Excel file to MATLAB as column vectors & save
% Plot 'emg_raw'
% Extract chewing times from 'emg_raw' and rename a1
hp=[];lp=[];
for i=1:(length(a1)-2);
x=a1(i,1);
x1=a1(i+1,1);
x2=a1(i+2,1);
d=x1-x;
d2=x2-x1;
if d>0 & d2<0;
hp=[hp,a1(i+1,1)];
elseif d<0 & d2>0;
lp=[lp,a1(i+1,1)];
else
hp=hp;
lp=lp;
end
end
addH=sum(hp);
addL=sum(lp);
ratio=addH/addL
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7.9.2 R Package (GGIR) for Accelerometery Data

library(GGIR)
g.shell.GGIR(mode=c(1,2,3,4,5),
# Part 1 = getmeta & calibrate;
# Part 2 = impute and analyse;
# Part 3 = sustained in activity periods;
# Part 4 = identify sleep and daytime sustained inactivity
datadir = "/Users/sabarinath/Dropbox/Sabarinath_MF/Accelrometry_paper/input/C",
outputdir="/Users/sabarinath/Dropbox/Sabarinath_MF/Accelrometry_paper/output",
desiredtz="Pacific/Auckland",
strategy = 1, # Imputation strategy.1= set start/stop time; 2= first midnight - last
midnight; 3=most active days.
hrs.del.start = 0, # how many HOURS after start of experiment did wear start
hrs.del.end = 0, # how many HOURS before end of the experiment did wear stop
maxdur
= 0, # DAYS after start of experiment did experiment stop? (set zero if
unknown = default)
includedaycrit = 4, # minimum required number of valid hours in day specific analysis
qwindow. =c (0,24), # Start and end time (in 24hour clock) for which metric values
need to be extracted
mvpathreshold = c (93.2,418.3), # Cut Points for MVPA (93.2, 418.3 based on
Hildebrand 2014 MSSE)
bout.metric = 4, # using sliding window across the data to test bout criteria / window
excludefirstlast = FALSE, # If TRUE then the first and last night of the measurement are
ignored for the sleep assessment.
includenightcrit = 4, # Minimum number of valid hours per night (24-hour window
between noon and noon)
def.noc.sleep = c(1),
outliers.only = FALSE,# Relevant for do.visual
criterror = 4, # min number of hours difference between sleep log and accel estimate.
Not used in this study
do.visual = FALSE,
mvpadur = c (1, 5, 10), # Default = c (1,5,10). Calculate three bout duration for MVPA.
epochvalues2csv = TRUE, # If TRUE then epoch values are exported to a CSV
spreadsheet. Here, non-wear time is imputed where possible (default =
FALSE).
threshold.lig = c (30), # Threshold for light physical activity to separate inactivity from
light. Threshold is applied to the first metric in the milestone data, so if
you have only specified do. ENMO == TRUE then it will be applied to
ENMO.
threshold.mod = c (93.2), # Threshold for moderate physical activity to separate light
from moderate
threshold.vig = c (418.3), # Threshold for vigorous physical activity to separate
moderate from vigorous.
boutcriter = 0.8, # Minimum % of bout duration for which epoch values are expected
to meet the threshold criterium
boutcriter.in = 0.9, # A number between 0 and 1 and defines what fraction of a bout
needs to be below the light threshold
boutcriter.lig = 0.8, # A number between 0 and 1 and defines what fraction of a bout
needs to be between the light and moderate threshold
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boutcriter.mvpa = 0.8, # A number between 0 and 1 and defines what fraction of a
bout needs to be above the mvpa threshold
boutdur.in = c (1,10,30), # Durations of inactivity bouts in minutes to be extracted.
Inactivity bouts are detected in the segments of the data which were not
labelled as sleep or MVPA bouts. The default duration values is
c(10,20,30), this will start with the identification of 30m bouts, followed
by 20m bouts in the rest of the data and followed by 10m bouts in the
rest of the data.
boutdur.lig = c (1,10), # Durations of light activity bouts in minutes to be extracted.
Light activity bouts are detected in the segments of the data which were
not labelled as sleep, MVPA, or inactivity bouts. The default duration values
is c(1,5,10), this will start with the identification of 10m bouts, followed by
5m bouts in the rest of the data, and followed by 1 minute bouts in the
rest of the data.
boutdur.mvpa = c(1), # Durations of mvpa bouts in minutes to be extracted. The
default values is c(1,5,10) and will start with the identification of 10 minute
bouts, followed by 5 minute bouts in the rest of the data, and followed by
1 minute bouts in the rest of the data.
timewindow = c("WW"), # Time window over which summary statistics are derived.
Value can be "MM"(midnight to midnight), "WW" (waking time to waking
time), or both c("MM","WW").
do.report. =c (2), # For which parts to generate a summary spreadsheet
visualreport =FALSE) # Generate visual report for parts 2 & 4.
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7.10 JAW TRACKING EXPERIMENTS
INTRODUCTION

An ideal motion tracking system should be tiny, self-contained and track all six degrees of freedom
(position and orientation). It also needs to be accurate, occlusion free, tenacious, robust, run
without any latency and on low power1. For TMM, ideal equipment should be non-invasive,
simple to use, non-restrictive to movement, not interfere with soft tissue and be capable of
recording the movement of the whole jaw2.
Eleven different technologies have been used for magnetic sensing3. Of these, hall effect sensors
in combination with accelerometery were used for TMM in ambulatory conditions4,5. Accurate
measurements, with low drift and without line of sight limitation make magnetic sensing an
attractive option for TMM in ambulatory conditions5,4and with portable devices6,7. Limitations of
existing portable devices include adaptation time of participants to the device, disruption to
natural sleep, decreased sleep efficiency and possible non-physiological movement artefacts in
the recordings due to the wired nature. Therefore, the focus was to overcome these limitations
and develop a magnetometry based wearable device for accurate, unobtrusive TMM.

MATERIALS AND METHODS

A lab experiment was conducted as shown in Fig 6.1. The experimental set up consisted of a ball
screw based linear slide rail actuator fitted with a NEMA23 stepper motor (Fig 6.2) (Model:
GGP1605 -100). The actuator could move a distance of 100mm and tolerate a maximum
horizontal load of 50 kg and vertical load of 10kg. The actuator was controlled by an Arduino
Uno open-source microcontroller board and an EasyDriver stepper motor driver. The actuator
assembly was used to gradually step, in 1mm increments, a miniature (3mmX 2mm) rare earth
magnet (Neodymium Iron Boron) disc attached to a non-metallic rod (Fig 6.2).
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Fig 6.1 Experimental set up for magnetometry based linear tracking

Fig 6.2 - Ball screw based linear slide rail actuator fitted with a NEMA23 stepper motor.

A sensitive fluxgate magnetometer (DRV425, Texas Instruments) connected to a 32-bit
microprocessor (Teensy 3.2™, pjrc.com) was used to read the changes in the magnetic field
intensity produced by 1mm incremental movements of the rare earth magnet. Results from this

214

pilot laboratory investigation indicated that it is possible to successfully determine the location
and orientation of the magnet at distances up to 25 cm.
BB
SM1

SM2

SM3

Fig 6.3- Experimental set up for magnetometry based tracking in three dimensions

This was followed by mounting three linear slide rails with NEMA23 stepper motors
perpendicular to each other to create an actuator system (Fig 6.4) to gradually step a miniature
(3mmX 2mm) Neodymium Iron Boron rare earth magnet disc in a defined three-dimensional
(3D) space represented by a 50mmX50mmX50mm cube. A sensitive fluxgate magnetometer
(DRV425, Texas Instruments) connected to a 32-bit microprocessor (Teensy 3.2™, pjrc.com)
would then read the changes in the magnetic field intensity produced by 1mm incremental
movements of the rare earth magnet in the defined 3D space.
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Fig 6.4 - Ball screw based linear slide rail actuator fitted with three NEMA23 stepper motors for

incremental movement in three dimensions
Our goal was to acquire data by mapping out a space representing possible configurations of the
mandible relative to a fixed point on the skull to calculate the precision of location and orientation
estimates as a function of the sensor geometry and the size and shape of the magnet, and thereby
design an effective sensor array geometry for TMM. The intention was to then fit the data to a
magnetic dipole + measurement noise model that can subsequently be used to infer the location
and orientation of the magnet given measurements from one or more sensors. Ultimately, the
objective of this part of the research was to develop a prototype wearable device for human
testing drawing as little power, using as few sensors, and the smallest magnet (minimally invasive)
as possible to give the desired accuracy for TMM. Unfortunately, the self-assembled 3D actuator
system lacked the necessary stability to make accurate measurements and the experiments had
to be abandoned.
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