
 

 

ANALYSIS OF NECK MUSCLE ACTIVITY AND COMPARISON OF HEAD AND 

BODY MOTION DURING ROTATIONAL MOVEMENT IN A MOTION SIMULATOR 

by 

 

Shahini Sirikantharajah 

B.Eng., Ryerson University, 2013  

 

 

 

A thesis 

 

presented to Ryerson University 

 

in partial fulfillment of the 

 

requirements for the degree of 

 

Master of Applied Science 

 

in the Program of 

 

Electrical and Computer Engineering 

 

 

 

 

Toronto, Ontario, Canada, 2015 

 

 

©Shahini Sirikantharajah, 2015 

 

 

 



ii 

 

AUTHOR’S DECLARATION FOR ELECTRONIC SUBMISSION OF A THESIS 

I hereby declare that I am the sole author of this thesis.  This is a true copy of the thesis, 

including any required final revisions, as accepted by my examiners. 

 

I authorize Ryerson University to lend this thesis to other institutions or individuals for the 

purpose of scholarly research. 

 

I further authorize Ryerson University to reproduce this thesis by photocopying or by other 

means, in total or in part, at the request of other institutions or individuals for the purpose of 

scholarly research. 

 

I understand that my thesis may be made electronically available to the public. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

Abstract 
Analysis of Neck Muscle Activity and Comparison of Head and Body Motion During Rotational 

Movement in a Motion Simulator, 

Master of Applied Science, 2015 

Shahini Sirikantharajah 

Department of Electrical and Computer Engineering, Ryerson University. 

 

 Most of the research relating to neck injuries performed to date has been tested in 

environments with linear motions.  Disabled individuals tend to experience jerky neck rotations 

during falls, bed transfers, and while travelling in wheelchairs.  This thesis, using various signal 

processing techniques, studied how healthy neck muscles, the head and body react to jerky 

rotational motion.  Electromyogram (EMG) and motion data were gathered from 20 subjects as 

they were rotated 45 degrees in the forward and backward pitch plane, with and without visual 

input, in a motion simulator.   

 Results showed that neck muscle behaviour was affected by the direction of motion and 

visual input.  Maximum effective muscle power of 10.54% was reached, relative to maximum 

voluntary contractions (MVC).  The factors found to influence neck muscle responses, such as 

head weight and visual input should be taken into consideration when designing headrests, neck 

braces and planning any rehabilitation programs.  
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Chapter 1 

Introduction 

 

1.1 Motivation 

OME of the most serious emergency room cases are related to falls, injuries and other 

accidents.  According to Statistics Canada, falls are the primary cause of injuries [1]. A 

study performed in 2010 revealed that 63% of seniors have been injured by falls, out of which 

55% occurred while walking [1].  Disabled individuals affected by conditions such as spinal cord 

injury (SCI) and multiple sclerosis are highly prone to movement disorders and balance 

impairments.   Mobility assistive technologies (MAT) such as wheelchairs help disabled 

individuals safely travel from one point to another.  One of the common areas of research related 

to both seating and wheelchair use is posture and balance.  Continued wheelchair use has been 

found to cause injuries, such as joint pain, tendonitis, and carpal tunnel syndrome [2].  Many 

individuals may already have weaker muscles due to spinal cord injuries (SCI) and muscular 

dystrophic conditions [3-7].   

 The neck plays a very important role in maintaining head balance and good posture.  

Simple daily activities such as moving from bed to wheelchair can induce strain on the neck, 

especially if such activities result in falls.  Although not to a greater degree, travelling over 

uneven surfaces and ramps can also cause whiplash injuries, due to rotational jerky motions.  

When individuals are tipped backward or forward, the neck and body undergo different motions 

as the individual shifts his/her centre of mass [2].  Many studies have been performed to examine 

how upper limb muscles react during whiplash [8-13].  These studies tested head and neck 

movements during various activities, as well as during jerky motions caused by linear 

experimental sleds.  Most of these studies had applied their research towards car collisions.  

S 
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Other studies have analyzed upper body movement of disabled patients as they are transfer from 

bed to wheelchair [14-16].  Yet, not much research has focused on how neck muscles react to 

rotational motions.  The neck muscles are essential during propulsion, especially when trying to 

retain an upright position and a good view of the surroundings [10].  In a study conducted by 

Vibert N. et al., the EMG of neck muscles were assessed during varying jerk and accelerations 

on a linear sled [17]. Many subjects showed head movements that were in the opposite direction 

of the sled movement (common to whiplash injuries).  Hence, this thesis will further investigate 

the activity of neck muscles and compare neck movement in relation to the body, during forward 

and backward rotational movements.  Another factor to consider would be the effect of 

additional sensory inputs towards muscle behaviour, since head motion can also depends on 

one's focus ahead. An disconnection between the visual and vestibular information perceived by 

an individual can affect his/her awareness of orientation and motion [18].  Hence, this thesis will 

also study neck motion with and without the presence of virtual reality (VR).  

 As wheelchair users travel over rough surfaces and ramps, an oscillation in motion can be 

seen as the body sways back and forth to avoid tipping over.  The amount of body sway has been 

associated to abdominal muscle strength [2].  Similarly, the strength of neck muscles may also be 

associated with the amount of head and neck propulsion.  Wheelchair users affected by SCI or 

muscular dystrophy, tend to have trouble with head and neck stabilization and posture.  Since 

very few studies have analyzed neck motion and neck muscle behaviour in rotational motions, 

this thesis aims to start by analyzing healthy muscles behaviours under such motions.  

Additionally, this thesis aims to compare head motion to body sway under rotational motions.  

According to the sensory conflict theory, motion sickness often occurs when there is conflict 

between visual and vestibular inputs [18-20].  Motion sickness may also result in difficulty of 

neck and body stabilization, as well as loss of control.    

 

1.2 Objectives 

 The primary objective of this study was to investigate Neck EMG during rotational 

motions, with and without the presence of VR.  The secondary objective was to compare the 

head and body motions simultaneously, under the same conditions.  The study also considered 
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factors such as head mass and neck size, in order to determine whether these factors influenced 

the results.   

 Neck muscle responses are expected to be greatest near the beginning and end of motion, 

as these periods have higher levels of jerk.  It is also hypothesized that the presence of VR will 

have a noticeable effect on both head motion and neck muscle activity, since the visual and 

vestibular systems work together to help provide consciousness of body position and motion. 

 

1.3 Thesis Outline 

The thesis outline is as follows: 

 Chapter 2: This chapter discusses background information relating to EMG and how 

they are affected during jerk.  It also provides information about neck muscles and types 

of neck conditions and disorders.  Finally, the chapter provides a literature review of 

research performed to date in the area of whiplash injuries, VR and balance. 

 

 Chapter 3: This chapter will describe the devices used in the study and the procedures 

followed during testing.  The chapter will also go into the details of signal processing 

techniques and methodologies used to analyze the data.  

 

 Chapter 4: This chapter presents both graphical and tabulated EMG and motion 

results for the four conditions that were tested: (1) backward with no visuals, (2) 

backward with visuals, (3) forward with no visuals, and (4) forward with visuals.  Results 

are discussed, and compared amongst each other and previous research work.  The 

chapter ends of by discussing limitations in the study. 

 

 Chapter 5:   The final chapter will summarize the thesis, identify how it can be built 

on, and list potential applications.  
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Chapter 2 

Background Information 

 

2.1 EMG 

he human body consists of three types of muscles: skeletal, cardiac and visceral [21, 22].  

Muscles are made up of fibers, which contain thin and thick filaments [23].  These 

filaments slide past each other during contraction.  The sliding activity of these filaments are 

caused by the passing of ions through the muscle membrane [23].  Skeletal muscles are 

controlled voluntarily by the somatic nervous system.  The movement of specific body parts 

result in the contraction of associated muscles.  The degree of contraction and the amount of 

force exhibited depends on the signal sent via the somatic nervous system.  An EMG records the 

electrical activity of muscles and can be used to study the difference in activity during rest and 

contractions.  Figures 2.1 and 2.2 show the difference between a relaxed and contracted muscle.  

The protein bands that make up a muscle begin to overlap each other, as muscle contractions 

occur. 

 There are different types of muscle contractions that result in different signals patterns.  

A simple twitch contraction is caused by a single nerve impulse, while numerous nerves 

impulses causes a summation [23].  A summation of nerve impulses produces a longer lasting 

contraction.  Very small contractions are referred to as isometric.  They do not exert sufficient 

force to cause movement of a body part; however isometric contractions do play a role in muscle 

tension [23]. 

T 
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Figure 2.1: Relaxed Muscle (adapted from [23]) 

 

 

 

 

 

Figure  2.2: Contracted Muscle (adapted from [23]) 
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2.2 EMG Acquisition 

 The EMG can be measured invasively using needle electrodes or non-invasively using 

surface electrodes.  The magnitude of an EMG signal can range from  V to mV depending on 

the measuring system, electrode placement and contraction type [24].  Some of the important 

factors that need to be considered when acquiring EMG data include skin preparation, electrode 

impedance, transducer noise, and the influence of surrounding muscle signals.  Ag-AgCl 

electrodes use silver metal and silver chloride to decrease any impedance effects [24].   

 These specific type of electrodes are disposable and are widely used for biomedical and 

clinical signal acquisition.  Many of the EMG acquisition devices come with built in amplifiers 

that work to amplify the difference between electrode potentials.  This allows the noise created 

by electrode-to-skin interaction amongst the electrodes to be suppressed.  Another important 

factor is to make sure the skin electrode impedance remains constant throughout the entire 

recording.  Impedance has also been found to be reduced by proper skin preparation.  The 

interference of surrounding muscles signals can be minimized by reducing the inter-electrode 

distance, as well as the conductive area [24].  This results in a smaller EMG measuring distance, 

which is in turn affected by a smaller radius of surrounding muscles. 

 Since the magnitude and amplitudes of EMG signals can vary between different 

acquisition systems and subjects, normalization of the data is essential in order to analyze and 

compare data.  There are various methods that can be used for normalization.  One example is to 

relate the signal to the degree of contraction or the force applied [25].  When positioning the 

electrodes they can be placed perpendicularly or with respect to the long axis of the specific 

muscle.  Additionally, signals between subjects can be directly compared once they have been 

normalized using the subjects' maximum voluntary contractions (MVC). 

 

2.3 Neck Muscles 

 Neck muscles are a very delicate and vital part of the body, as they are responsible for 

head and neck movement.  This gross motor movement is essential for head posture, which aids 

vision, and ultimately the safe navigation of humans.  Some of the major muscles involved with 
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neck flexion and rotation are sternocleidomastoid (SCM), trapezius (TRAP), scalene (SCAL), 

splenius capitis, and semispinalis capitis [23].  These muscles, seen in Figure 2.3,  work in pairs 

from either side of the neck.  When the SCM muscle is contracted on one side only, the head and 

neck is either laterally flexed to the same side of the contracted muscle or rotated to the opposing 

side of the contracted muscle.  When the muscles on both sides of the neck are contracted 

together, the head and neck are flexed and extended.  The splenius capitis and semispinalis 

capitis are deeper muscles that are overlapped by TRAP muscles [23].  These muscles also help 

with neck extension and rotation.  The TRAP muscle has the function of extending and laterally 

flexing the neck, while the SCAL rotates and laterally flexes the neck. 

2.3.1 Injuries and Disorders Affecting the Neck 

 Many individuals become confined to wheelchairs due to SCI or other conditions, such as 

muscular dystrophy, multiple sclerosis, etc.  Many wheelchair users have weak muscles, as a 

result of SCI or atrophy, which impacts their neck muscle responses [2].  Patients affected by 

SCI tend to experience head and neck pressure.  Neck injuries can also affect breathing.  

Figure 2.3: Neck Muscles (taken from [23]) 
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Whiplash injuries are a major cause of abnormal rotation and excessive flexion of the neck.  

Examples of whiplash injuries include falls and vehicle accidents.  Men's neck muscles are better 

developed compared to women [26].  Neck injuries can occur in two ways during whiplash.  

When passengers are struck from behind in a vehicle collision, the neck experiences 

hyperextension, as the head falls back, while the body is flung forward.  The second scenario 

involves the head being flung forward due to rapid deceleration.  This affects the cervical spine; 

one of the most flexible parts of the spine (C5-C7) [26].  Trauma can speed up the process of 

cervical spine degeneration, as the fluid filled cervical discs deteriorate [23, 26].  These discs 

help with smooth neck movement and stabilization.  Injuries pertaining to this area can lead to 

paralysis [27, 28].  Muscular dystrophic (MD) conditions (skeletal muscle degeneration) such as 

Emery-Dreifuss MD, Limb-Girdle MD (LGMD), Myotonic dystrophy (DM1), and 

Oculopharyngeal MD (OPMD) can also result in very weak neck muscles [27, 28].        

 While Emery-Dreifuss MD and LGMD may result in neck muscle weakness to a smaller 

degree, DM1 has the strongest impact on face and neck muscles [28].  The symptoms for this 

disease typical start to show between 20 and 30 years of age; however childhood onset can very 

well occur.  Initial symptoms include a fatigue face and a thin neck.  Resulting difficulties 

include breathing, swallowing, vision and cardiac complications 

Apart from these specific conditions, neck pain can also result from muscle strains and from 

maintaining the same neck position for long periods.  According to [26], two out of three people 

will suffer from neck pain at some point.  Thus, it is evident that many are affected by neck 

conditions that hinder head stabilization and posture.  Overtime, prolonged neck resistance may 

also start to obstruct one's breathing and limit his/her vision as well.  

 

2.4 Flailing and Jerky Movements 

2.4.1 Jerk 

 Jerky movements can occur during activities such as driving and amusement park rides.  

Sudden jerky motions cause, what is referred to as, flailing.  The physics behind this chaotic 
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motion is commonly referred to as "Jerky Dynamics" or "Newtonian Jerky Dynamics [29, 30]."  

A set of equations known as the jerk equations are used to represent this type of motion.  Jerk 

can be computed by taking the third derivative of the displacement function, the second 

derivative of velocity or the derivative of the acceleration.  The following formula can be used to 

compute jerk [29]: 

    
   

  
 

    

   
 

    

   
 (2.1) 

Where: 

t = time 

  = acceleration 

   velocity 

  = position 

 Jerk can be felt as the change in pressure during a sudden increase or decrease in 

acceleration.  In other words, during this motion, acceleration is not constant.  Jerk is a very 

important motion to consider for the design of amusement parks, roller coasters, as well as 

motorized wheelchairs.  Some patients, affected by distortions in different parts of the body, 

require a longer time period to react to changes in pressure, tension and stress.  This can result in 

varying muscle reactions amongst patients.  Figure 2.4 illustrates angular motion simulation 

profiles during motion across the y-plane. 

2.4.2 Computation of Jerk Systems 

 Umut O. and Yasar S. use an algebraic system called the Genesio system to illustrate the 

derivation of jerk equations [31].  It consists of three equations with one quadratic term.  The 

system is as follows [31]: 

      (2.2) 

      

 

(2.3) 

 

                 (2.4) 
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Figure 2.4: Angular Motion Profile of Simulator 

 

 The Genesio system was converted into jerky dynamics using both invertible and linear 

transformation.  This specific system was found to be a simpler class of jerky dynamics with a 

larger range of parameter regions.  This produced a very diverse set of dynamical behaviour.   

 Jerky dynamics can also be used to study instability caused by different forces.  Wei Z. 

and Rongsheng W. U. studied instabilities caused by jerk by analysing the patterns of position, 

velocity and acceleration during rotational motions [30].  Unstable cases were found to have an 

exponential growth pattern amongst the variables.  Results showed that instability is greater 

influenced by both absolute and planetary vorticity.  Absolute vorticity deals with air, while 

planetary rotation is caused by the Earth's spin [30].  Overall, a periodic pattern was observed in 

position and velocity, when there were smoother changes in acceleration.  Sudden changes in 

acceleration resulted in many shifts in direction.  It was also found that changes to the initial 

vorticity may affect instability and set off chaos [30].  Thus, inertial motion predictions become 

difficult.     

 



11 

 

 

2.5 The Effect of Visuals 

 It is expected that different people will take on different muscle reactions to sudden jerky 

motions.  Further research can go into investigating whether other external factors can influence 

the muscle reactions.  These factors may include the use of visuals, having a sturdy grip, and the 

direction/angle of motion.  When it comes to the observance of visuals there are two distinct 

types: Earth-fixed and Natural chair-fixed [32].  Earth-fixed visuals are stationary and act as a 

reference target with respect to the Earth.  Natural visuals move with the subject and are 

normally displayed on a screen fixed to the motion simulator.  According to Lin J.J. et al., 

independent Earth-fixed visuals have been found to reduce both motion sickness and balance 

disturbances caused by simulators [32].  This is due to its ability to provide a sense of orientation 

that is similar to the vestibular receptors. Their study tested three different types of independent 

visual backgrounds.  The first background used a grid, the second used a few clouds, and the 

third used many clouds.  Clouds were used as they are perceived to be relatively stable [32].  The 

experiment involved exposing twelve subjects to motion through a driving simulator.  Simulator 

sickness was measured using the Revised Simulator Sickness Questionaire (RSSQ).  Results 

showed that the independent background with many clouds induced less nausea [32].          

 Similarly, Harris L. R., Dyde R. T., Jenkin M. R. compared the use of visuals and non-

visuals to depict the positions of the world [33].  Subjects were placed in a virtual environment 

and their perceived position of the world was tested by asking them to judge the displacement of 

a card.  First, this card had movement that was phased fixed to the room.  In order to test the 

effect of non-visuals, the subjects were moved in the dark and were asked to judge the movement 

of a floating object [33].  Accurate perception was evident when there was alignment between 

the card and the subject, and no parallax.  It was concluded that both visual and non-visual cues 

were simultaneously necessary for position perception [33]. 

 Lu W., Duh B. H., and Feiner S. came up with an alternative to very apparent cueing 

techniques for visual search [34].  The purpose of their study was to come up with a subtle 

cueing technique that improved visual search.  They are many subtle cueing techniques 

available, such as change in visual details and contrast.  This study used changes in contrasts in 

parts of the visual scene to obtain a subtle cueing effect.  The scene included both still images as 
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well as video images.  The subjects were asked to find a cross target.  The 12x12 pixels target 

was embedded within a 1024x768 pixels scene [34].  The reaction times and error rates were 

measured.  Results showed that the using narrow congestion ranges can potentially replace 

explicit cueing.  The overall pattern of the graphs showed that in both experiments, as the 

contrast levels increased both the reaction times and error rates were found to decrease [34].  The 

consistent pattern between the two also showed that results achieved from stilled images can also 

be applied to video images.  Hence, the type and quality of visuals displayed affected the 

subjects' reaction times.   

 It was interesting to find many studies on the effect of angular motion towards the 

vestibulo-ocular reflex and head motions.  A study by Xiang Y. and Yakushin S. B. investigated 

the different head tilts for varying frequencies [35].  The varying frequencies helped maintain 

manageable acceleration levels.  The tests were performed on three monkeys.  Results differed 

when the monkeys were on their side, as opposed to being upright.  Peak vestibular-ocular reflex 

(VOR) gain changes were observed in the upright position.  The overall pattern showed that 

during head oscillations with smaller angles in the forward pitch plane, there was a decrease in 

gain [35].  In order for maximal VOR gain change, the head was only able to experience small 

angles of rotation that were less than 15 degrees.   

 Although there have not been many studies that worked with abdominal or neck muscle 

activity and roller coasters, similar studies have examined virtual roller coasters, while others 

studied the relationship between EMG and balance. 

2.5.1 VR and Balance 

 Shih Z. and team worked together to build a virtual roller coaster that simulated the real 

world experience found in theme parks [36].  The system consisted of a simulation software, 

motion platform, and control unit which were all brought together using VR techniques.  The 

coordinate system consisted of an X-Y plane that represented the ground and the Z-axis that 

represented height [36].  Resistance, gravity, and friction were all considered when determining 

the speed and forces of motion.  Two specific curves used in the track design included the spiral 

curve and the cubic Hermite spline curve.  The hydraulic system was used for the motion 

platform, as it had the ability to provide greater power within a smaller volume.  This made it 
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easier to modify speed.  Safety features included elbow rests and leg rails that separated the legs 

from the rotation frame [36].  The system successfully simulates roller coasters, while using 

minimal space and power.  Future improvements that were mentioned include the ability to 

modify velocity and rotation in the Z axis. 

 E. Chang et al studied the effect of rest frames implemented in a virtual roller coaster 

[37].  This study focused on the effects of spatial perception.  Rest frames were used to provide 

the user with stationary objects, helping him/her select a rest frame, which as a result would 

reduce cybersickness.  Two subjects participated in the study to test the rest frame and the non-

rest frame conditions.  The study showed that the participants experienced lower levels of motion 

sickness during the rest frame condition [37].  This was further verified by a difference in the 

EEG readings between the rest frame and non-rest frame conditions. 

 A study was performed by Ma S. et al to analyze muscle activity during specific tasks via 

VR [38].  This paper brings out the importance of EMG feedback in hand grasping and rotation 

motion rehabilitation.  The VR environment provided interaction between the user and virtual 

objects.  The integration of an EMG feedback system allowed the analysis of hand motions and 

their stages of improvements throughout the training process.  The M3400 BIOPAC EMG 

system was used to detect muscle activity [38].  The system was incorporated into a VR system 

using the DATA TRANSLATION DT9816 [38].  The entire system was very useful in 

measuring muscle fatigue, tension, net force and activation.  The system was tested on 10 

participants.  Results have proven to show an improvement in the skills trained via the EMG 

embedded VR system [38].       

 The EMG activity of various muscles, including gastrocnemius, tensor fasciae latae, and 

semimembranosus was analyzed during a balance test using VR, by Cikajlo I. and team [39].  

The effectiveness of telerehabilitation was analyzed by the use of a haptic floor.  When the 

haptic floor was in effect, there was greater muscle activity seen as the distal and ankle muscles 

worked to stabilize the tibia.  The study concluded that incorporating a haptic floor in balance 

training systems can greatly enhance postural response and the overall training experience [39].  

 Moreover, a study performed by Ando T., et al. studied the primary muscles involved in 

rolling over [40].  This study was used to develop a support system for cancer bone metastasis 
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patients having trouble rolling over.  The EMG signals of four subjects were measured by 

placing four markers on the right and left acrominon and anterior superior iliac spine.  Electrodes 

were attached to the erector spinae, rectus abdominis, internal abdominal oblique, and the 

external abdominal oblique.  The study went on to show that the internal abdominal oblique 

muscles were active during the early stages of roll-over motion [40]. 

 Mixed reality sickness occurs due to the sensory confusion between the real and virtual 

worlds [41].  A study regarding mixed reality sickness was performed by Nakajima S., et al.  

This paper analyzes the motion after-effect (MAE) theory to determine whether it provides a 

useful evaluation of motion sickness and the effect of auditory stimuli.  Eight subjects aged 21-

41 participated in the study [41].  Equipments such as a function generator and a human shaker 

helped oscillate the seated subjects.  The MAE stimulus was created by displaying two black 

horizontal stripes on the sides of the screen and were moved at a constant speed in opposite 

directions.  Results showed that MAE is indeed a useful evaluation method for motion sickness.  

The study also found that auditory stimulation helped reduce motion sickness [41]. 

 Hence, it is evident that the type of visuals portrayed also affect human reaction.  The 

effect of visuals on EMG signals can also be tested during various rotational movements.  Since 

human perception and balance are affected by visuals, the muscle reactions may also be affected.  

These factors would need to be considered when designing VR rehabilitation training programs.  

 

2.6 Whiplash 

 Whiplash injuries can be caused by car accidents, amusement park rides, and falls. 

According to [26], millions of Americans are affected by whiplash each year.  Depending on the 

severity of the injury and the individual, recovery time will vary from weeks to years. Out of the 

millions affected, 10% become permanently disabled [26]. Wheelchair users are mostly 

susceptible to these types of injuries through falls that occur during patient transfers.  Chronic 

pain resulting from previous injuries can affect muscle behaviour, predominantly in the neck.  

One simple example where neck muscle strains can affect muscle behaviour is when wheelchair 

users travel up and down ramps.  Most wheelchairs have a headrest to help with sudden 
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backward tilts, but forward motions require additional work from the neck muscles to help 

stabilize.     

 Recent research has shown that the first reaction the body has to linear jerk is trunk 

movement [26].  A forward jerk causes the trunk to push forward, resulting in a backward neck 

motion.  This reaction is referred to as the S-phase, as the upper vertebrae forms an S shape.  

This phase is when most injuries occur, as the vertebrae is stretched in two opposing directions.  

Patients with previous injuries may also have unnatural neck muscle behaviour [26].  This occurs 

when patients keep a very rigid posture to avoid further pain be inflicted on the same area.  This 

action is referred to as muscular bracing and can lengthen the recovery time.  Interestingly 

enough, research studies have come to show that cervical collars, in fact, hinder recovery, rather 

than aiding it [26].  There are many neck exercises that help with post injury neck pain.  Severe 

cases also have the option of using electric current to reduce pain caused by specific nerves, a 

process referred to as radiofrequency neurotomy [26].  

 There have been many studies done to analyze neck motion during whiplash and post-

whiplash injuries.  Grip H. and his team study various different neck movement patterns of 

patients affected by whiplash, as they tried to classify the different types using neural networks 

[42].  Three dimensional motion data acquired from 59 subjects were fed into the back 

propagation neural network.  Data reduction was performed using principle component analysis, 

and the accuracy was able to be increased to 89% [42].  The subjects in this study were asked to 

perform four different head movements, including flexion, extension, and rotation to the left and 

right.  Markers were placed on the subjects' head, and three dimensional data was recorded using 

a ProReflex system.  Some of the parameters computed were angular velocity, neck range, mean, 

and reaction time.  Velocity and range of neck motion was found to be good indicators of neck 

condition severities.  This study did not have the subject undergo rotational movements and 

another way to further build on this study would be to compare the neck movement to body 

movement in patients affected by whiplash.  In a previous study by the same team, they were 

able to find a significant difference in angular velocities and mean values between the healthy 

subject and those affected by WAD (whiplash related disorders) [42]. 
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 Ehtemam F. et al. also studied neck motions and how they are affected by galvanic 

vestibular stimulation (GVS) [43].  GVS uses electric currents to modify vestibular information.  

It is believed that head motion can be minimized with the use of impulse and sinusoidal forces.  

This study was performed on the SCM muscles of 11 subjects.  A motion capture system was 

used to measure head and torso kinematics.  Subjects were seated and the duration of the tests 

lasted 80s.  When higher frequency stimuli (greater than 1.2 Hz) were present, the subjects were 

able to perceive head movement [43].  As the amplitude of the stimulation increased and the 

frequency decreased, the response magnitude was found to increase.          

 Hynes L. M. and Dickey J. P. studied head kinematics in rear-end collisions [44, 45].  

The focus of their study was to find out whether a change in jerk or acceleration affected head 

movements.  A robotic platform was used to exhibit different levels of acceleration and jerk.  

This study used linear motion from the posterior to anterior direction.  Subjects were seated in 

the passenger seat of a Honda Accord that was mounted to the robotic platform.  The peak 

accelerations ranged from 5.51 m/s
2
 to 10.78 m/s

2
, while peak jerk ranged from 267 m/s

3
 to 380 

m/s
2
 [44].  Experiments were performed on 21 subjects.  Surface electrodes were placed on the 

TRAP, splenius capitis, and SCM muscles.  Results showed that forehead acceleration is greatly 

affected by both jerk magnitude and platform acceleration.  This study can be further built on by 

considering how rotational motions affect the neck.  Another interesting aspect to consider would 

be how the neck and body motions differ, during jerk.   

 Yang C. et al. analyzed the smoothness of neck movements between healthy individuals 

and patients with neck disorders [46].  The test group consisted of 18 healthy individuals and 18 

patients with mechanical neck disorders (MND).  In this study subjects were asked to perform 

neck motions, including flexion, extension, and rotations.  Kinematic data was processed using a 

fourth order Butterworth filter, with a cut-off frequency of 6 Hz [46].  The linear accelerations 

and peak tangential velocities were determined from the data.  The spectral entropy was 

computed from the power spectrum using the following formula [46]: 

 
     

  

      
                   

 

   

 (2.5) 
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 In equation 2.5 PSD represents the power spectrum density values, and M represents the 

number of frequency bins.  Statistical analysis was also performed on the kinematic data.  

Subjects with neck pain showed longer durations of movements and higher spectral entropy.  

However, there was no significant difference in tangential velocity.  The unsmooth neck cervical 

movements in patients with MND are caused by attempts to maintain spine stability and avoid 

further pain inflictions.         

 The EMG and kinematic responses of the neck were studied during changes in 

acceleration and jerk, by Siemund G. P. and Blouin J. [47].  Experiments were performed on 23 

subjects under eyes open and eyes closed conditions.  Activity from the SCM, SCAL and 

cervical paraspinal muscles were analyzed.  They hypothesized that if increased jerk stimulus 

resulted in solely higher head kinematics and no change in muscle response, this would indicated 

that jerk may increase causes of whiplash injuries.  But, if increasing jerk had no effect on head 

movement and muscle activity, this would indicate that jerk played a small role in whiplash 

injuries.  EMG signals were bandpass filtered from 20 to 500 Hz.  Subjects were seated in a car 

seat with the head rest removed, in order to fully measure floppy responses of the head.  The seat 

was mounted to a sled that was powered by linear induction motors.  Peak linear acceleration and 

peak angular acceleration of the head were determined from the kinematic data.  RMS values of 

the EMG signals were computed using a 20 ms window.  Results showed that the SCM and 

SCAL muscles were most active during higher amplitudes in the forward perturbations, while the 

paraspinal muscles were most active during high amplitudes of backward perturbations [47].  

Head angles were found to increase under the eyes closed condition.  Sled acceleration was 

found to play a greater role in kinematic responses, as opposed to jerk.  Hence, this paper argues 

that jerk plays very small role in whiplash injuries.       

 

2.7 Previous Experimentation 

 Previous related experiments were performed at Ryerson, by Shafeie M., using a 

spherical VR motion simulator [48].  The study focused on abdomen and back muscle behaviour.  

This simulator was not a fully enclosed environment.  Results from this study showed that 

abdomen and back muscles were most active during forward rotations and trials with VR 
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present.  Furthermore, maximum and minimum muscle contractions of 31.8% and 3.66%, 

relative to MVC were achieved, respectively [48].  The study also found that abdomen and back 

muscles had higher activity during higher speeds of motion.  The main cause of neck pain and 

injuries is the large difference in speed and direction between the neck and torso.  This thesis will 

build on the previous experiments, by comparing neck muscle behaviour, as well as head and 

body motion, under similar conditions, using a fully enclosed motion simulator. 

 

2.8 Chapter 2 Summary 

 It is evident that there are many neck conditions that can affect posture and muscle 

contractions.  There have been many studies performed that analyze head and neck kinematics 

along with neck muscle EMG signals during jerk motions.  However, there have not been many 

studies that have looked into neck activity during rotational motions.  This thesis focuses on 

rotational motions and aims to examine how body and neck motions work together to stabilize 

posture.  
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Chapter 3 

Experimental Setup and Methods 

 

HIS study was approved by Ryerson University’s Research Ethics Board.  All subjects 

were asked to sign a written consent form, prior to the performing the experiments.  The 

eligibility forms gathered additional information such as height and weight, which was also used 

during analysis.  Data was acquired from 20 healthy subjects between 18 and 35 years of age. 

The participants had no history of falls or neck difficulties, and no somatosensory, vestibular, 

cognitive or musculoskeletal impairments. 

  

3.1 Subject Preparation 

Subjects were asked to wipe the skin with alcohol wipes and wait until the skin was dry before 

the electrodes were placed.  This helped remove any dirt or oil that tends to affect electrode-to-

skin contact, and as a result generate noise in the signals.  When measuring EMG, voltages 

differentials are measured from 2 electrodes per muscle.  Neck muscle activity was recorded by 

placing electrodes on the left and right SCM, SCL, and TRAP muscles, totalling 4pairs of 

electrodes on the front of the neck and 2 pairs on the back of the neck (as seen in Figures 3.1 and 

3.2). The neck has a strong pulse, as it is very close to the heart.  Hence, EMG data recorded in 

the neck tends to be affected by ECG crosstalk. In order to remove ECG crosstalk, one would 

need sole ECG data as reference [49, 50].  For that reason, 2 additional electrodes were placed on 

the chest (3 cm below the left and right clavicles), to record ECG data, simultaneously.  Elbows 

were used as ground, during acquisition. The first accelerometer (GreatLakes 

NeuroTechnologies, USA) was placed on the back of the head where the parietal and occipital 

T 
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bones meet (see Figure 3.3). The second sensor was placed on the torso near the upper rectus 

abdominis muscle. The neck EMG, neck movement, body movement, and ECG were measured 

simultaneously.  Once the snap leads were connected to all the electrodes, the cables were fed 

into the BioRadio user unit.  Loose cables were twisted and taped to the subject using medical 

tape.  This prevented motion artifacts from occurring in the EMG signals.  The radio was 

connected to the PC via USB Bluetooth adapter.  

 

 

 

 

Figure 3.1: Anterior Electrode Placement (adapted from [51]) 

EMG from left SCM 

EMG from left SCAL 

ECG from left Chest 
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Figure 3.2: Posterior Electrode Placement (adapted from [51]) 

  

Figure 3.3: Accelerometer Placement (taken from [23]) 

EMG from right TRAP 

Accelerometer 



22 

 

 

 Once the setup was complete, MVC for each neck muscle was recorded for the forward 

and backward rotations.  This was done by first asking  subjects to move their head all the way to 

the back as far as possible, while fully contracting their neck muscles.  Once the backward 

motion was recorded  the subject was asked to repeat this for the forward motion.  Three trials 

were recorded for each direction.  After the completion of MVC recordings, the subjects were 

seated inside the simulator.  The waist belt was fastened, followed by the shoulder harness.  The 

initial set of experiments were conducted with the projector off, where the subjects were in 

complete darkness (for no visuals).  The canopy was closed, and the simulator was stabilized and 

raised.  The subjects were rotated 45 degrees in the forward and backward pitch planes, 3 times 

each, under complete darkness.  The 3 trials acquired for each direction of rotation were 

randomized.  The travel time from neutral to 45 degrees in either direction took approximately 1 

second.  The PC was set to record right when the simulator was released for movement and the 

recording was stopped 1 second after the stop of motion (totalling 2 seconds).  This allowed to 

gather some after effects of how the neck muscles behaved for a short period of time after 

motion was complete. The simulator was brought back to neutral position after each direction of 

motion.   

 Once this set of experimentation was complete, the simulator was lowered, and the 

canopy was opened to turn the projector on (for visuals), as the subject remained seated.  The 

visuals displayed consisted of a tunnel moving in the forward direction.  The MaxFlight logo 

displayed near the center of the screen acted as a focal point.  Figure 3.4 shows an image of the 

display during motion. Once again, the canopy was closed, the simulator was stabilized and 

raised to perform the second set of experiments.  Again, the subjects were rotated 45 degrees in 

the forward and backward pitch planes, three times each.  Once the second set of experiments 

(with visuals) was complete, the simulator was lowered, the canopy was opened, the seatbelts 

were released, and the subject was helped out of the simulator.  the cables were disconnected 

from the electrodes, the electrodes were removed from the body and were disposed.     
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Figure 3.4: Visual Display of Tunnel Moving Forward 

3.2 MaxFlight Motion Simulator 

 The Maxflight motion simulator was used for the experiments.  This interactive simulator 

has full 360 degrees of motion across the pitch (y) and roll (x) axes.  The COR for the pitch 

plane is located behind the seat. The computer driven simulator has preprogrammed rides and 

games, but can also be manually rotated to desired pitch and roll angles.  Experiments consisted 

of 45 degree rotations (with and without visuals) in the forward and backward pitch planes.  

Figure 3.5 shows a labelled diagram of the three dimensions of motion, while Figure 3.6 shows 

subject placement relative to the COR.  The distance from the subject's center of mass to the 

COR is approximately 0.84 m.  Thus, the subject travelled a distance of 0.66 m, as they were 

rotated 45
o
. 

Focusing on a specific object ahead can greatly affect neck muscle responses.  According 

to Szabo et al., one of the important factors to consider when using visuals during balance and 

posture tests is the focal point [53].  Hence, the visual scene displayed portrayed depth (in the 

form of a tunnel) and a logo towards the center.  This allowed subjects to focus towards the 

centre of the screen, while experiencing the subtle illusion of travelling forward through a tunnel.  

When testing without visuals, the projector was switched off and the subjects were in complete 
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darkness, once the canopy was closed. Table 3.1 summarizes the simulator dimensions and Table 

3.2 shows the design specifications.  Photos of the simulator can be found in Figures 3.7-3.10. 

 

Figure 3.5: Three Dimensions of Motion (taken from [52]) 

 

 

Figure 3.6: Subject Rotated in the Backward Pitch Plane (left) and Forward Pitch Plane (right) 
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Table 3.1: Maxflight Simulator Specifications 

Height 12 Feet, 9 Inches (3.88 meters) 

Width  12 Feet, 4 Inches (3.76 meters) 

Length 18 Feet, 5 Inches (5.62 meters) 

Weight 4000 lbs. (1814.36 kg) 

 

Table 3.2: Experimental Design Specifications 

Range of Motion 45 degrees 

Speed 45 degrees/second 

Visual Display Included motion, depth, and a focal point 

 

  

 

Figure 3.7: Motion Simulator at 45 degrees forward (left) and 45 degrees 

backward (right) 

3.88 m 

COR 
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Figure 3.8: Motion Simulator at Neutral Position 

Figure 3.9: Motion Simulator with Canopy Open 
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The simulator was prepared by running through the daily checklist, to make sure all parts 

were secure and working properly.  Once the checking was complete, the simulator was set to go 

through a test ride, with no subjects inside.   

 

3.3 BioRadio  

 The wireless BioRadio was used to acquire EMG, ECG, and accelerometer data from the 

subjects.  This programmable device has 8 channels per radio, a transmission range of 100 feet, 

and a 2.4-2.484 GHz radio frequency band.  The input range of the device is  ±1µV to ±2V.  The 

input impedance of the device is 500 MΩ and filter input bandwidth ranges from 0.5 Hz to 250 

Hz.  Data can be recorded at a sampling rate of up to 16 kHz.  For this study, a sampling 

frequency of 1000 Hz was used, as many reputable sources would agree that a sampling rate of 

1000 Hz would be ideal [54, 55, 56].  

Figure 3.10: Interior of Motion Simulator 
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 Accelerometer data was measured using the embedded motion sensor.  This sensor 

records both tri-axial linear acceleration and angular velocity.  A diagram of the radio, as well as 

the axes and directions can be seen in Figure 3.11. 

 The BioRadio system along with 3M Red Dot Ag/AgCl electrodes were used for data 

acquisition.  These wet electrodes are commonly used in clinical settings, as they are easy to 

apply, have low weight, and are disposable [58].  However, these wet electrodes do have their 

share of disadvantages.  They tend to dry out due to dehydration, and as a result have a limited 

shelf life.  Long term continuous measurement may result in loss of contact, causing noise and 

contact impedance.  A detailed study was performed relating to the differences between wet and 

dry electrodes for medical signal acquisition [49, 59].  Results showed that although dry 

electrodes had a higher signal-to-noise (SNR) ratio, the wet electrodes produced results with a 

lower standard error.  For the purpose of this experiment, wet electrodes were used, as the 

subjects were only required to wear them for a short period of time.  

 

Figure 3.11: BioRadio Axes (adapted from [57]) 
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3.4 Algorithm 

 The BioCapture recording (BCR) files were converted into comma-separated values 

(CSV) files, so that they can be opened in MATLAB to perform signal processing. 

3.4.1 Adaptive Filtering 

 The first difference that was noticed during testing stages, between EMG signals acquired 

from neck muscles versus truck muscles was ECG crosstalk.  A strong pulse can be detected in 

the neck, with bare fingers.  ECG crosstalk can show up in areas closer to the heart.  The signal 

resulting from blood flow is the stronger near the heart, as it pumps blood out to the body.  The 

strength of the signal then dissipates as the blood travels away from the heart to all parts of the 

body.  Since the neck is closer to the heart, ECG crosstalk was observed in the EMG signal. 

 Adaptive filters use the input signal and the associated noise signal to adjust the 

frequency and impulse responses.  This technique has been popularly used to distinguish ECG 

signals between the mother and fetus [24].  The adaptive filter takes in the signal and associated 

noise as inputs.  The noise e(n), is estimated based on a reference input, and is removed from the 

original signal.  Another example application is for wearable medical devices. Noise and motion 

artifacts caused by muscle signals (EMG), were successfully removed from ECG signals 

acquired from devices intended for continuous, daily monitoring [49].  As far as EMG 

processing goes, motion artifacts and interferences are commonly removed using wavelet 

transformation.  Here, the adaptive filtering method is used to remove ECG interference from 

EMG.  When implementing this technique, the reference input r(n), should be a signal that 

relates to the noise looking to be removed.  In this case, the reference was an ECG signal 

acquired simultaneously from the chest, during the experiment.  Equation 3.1 represents the 

output of the adaptive filter [24].  

               

   

   

 (3.1) 
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 The adaptive filter output consists of    which represents tapped weights,   which is the 

filter order,      which is the input, and   which is the tap number.  The following equation is 

used to compute the weight vectors: 

                        (3.2) 

 In Equation 3.2, the convergence parameter is represented by   and the error estimation 

is represented by     .  Figure 3.12, shows a block diagram of the filter design.   

 

 

Figure 3.12: Adaptive Filter Block Diagram (adapted from [24]) 

 

The ECG data was acquired at the same frequency as the EMG signals.  When comparing 

the EMG and ECG signals, the pulse in the EMG signals were lined up with the ECG signal.  

However, the ECG signals acquired from the chest, had a slightly larger magnitude.  This is 

expected, as the heart signal from the chest is much stronger than the neck.  Hence the ECG 

signal was scaled down about 2.5 times, to match the magnitude of the pulses observed in the 

EMG signal.  
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3.4.2 EMG Signal Processing 

 The EMG signal measures the electrical impulses of muscles [24].  They can be used to 

detect muscle spasms, fatigue and conditions, such as carpal tunnel syndrome.  When it comes to 

signal processing of EMG signals, the bandpass frequency ranges from 10 Hz to 20 Hz and 500 

Hz to 1000 Hz [24, 60].  The bandpass filter consists of both a high-pass and low-pass filter 

which help eliminate low frequency artifacts and high frequency artifacts, respectively [24].   

Muscle activity is represented by action potentials on the EMG and the fluctuating frequencies 

and magnitudes depend on the strength of contraction.  Abnormalities can be detected using 

unusually high or low amplitudes, as well as frequency and duration of the action potentials. The 

block diagram below depicts the signal processing steps executed in this thesis.  

 

Figure 3.13: EMG Signal Processing Block Diagram 

  

Rectification was performed by computing the absolute value of the entire signal [25].  

This made analysis between the signals easier, as the envelope created later only had to deal with 

positive values.  Butterworth low-pass filtering was necessary for basic noise removal and 
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smoothing of the signal [25].  Typical cut-off frequencies for a low-pass Butterworth RMG filter 

ranges from 5 Hz to 15 Hz [24, 60].  Additional filtering can also be performed if required, 

depending on the quality of the signals acquired.  Some of these filters may include, but are not 

limited to, high-pass, band-pass, and/or chebyshev. Different EMG measuring devices can 

produce signals of varying quality.  Some devices come with many built in filters that clean the 

EMG signal.  The built in bandpass filter in the BioRadio was used as an initial filter. 

 Synchronized averaging was used to reduce error by taking multiple recordings into 

account [24].  The final EMG signal would be an average of the multiple trials.  The EMG 

envelope produced a single outline that illustrated the overall pattern of the given EMG signal.  

This envelop was easily be compared with other each other by amplitude, as well as the overall 

behaviour.  Once the envelope was computed the RMS and iEMG values were computed for 

further comparison.  The RMS is a single value determined by squaring the data points, taking 

the mean of all the values and finally taking the square root of this value [24].  This value 

represents the power of each muscle contraction.  The iEMG was computed by taking the area 

under the EMG plot, in other words the integral.  The iEMG was plotted by having cumulative 

values for the entire EMG graph.  The cumulative value quantifies the amount of activity 

produced by each muscle.   

 Further analysis was performed using statistical analysis.  The mean was computed for 

each signal to determine the average amplitude of each muscle, relative to the MVC.  The 

variance and standard deviations helped compare fluctuation levels between the muscle 

contractions.        

3.4.3 Butterworth Filter 

 Before any analysis was performed, all signals were filtered to reduce noise and artifacts.  

A 4th order low-pass Butterworth filter was used to adjust the frequency spectrum of the signals.  

The frequency spectrum represents the signal in frequency domain, rather than the time domain.  

The frequency domain can help analyse the signal in parts, and clearly portray the changes made 

to the signal via mathematical operations.  The low-pass Butterworth filter helped create a ripple 

less frequency response and was designed using equation 3.3 [24]. 
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(3.3) 

In equation 3.3, N is the filter order, 1/(      is the band edge value,     is the corner 

frequency, and    is the pass-band edge frequency.  

3.4.4 Synchronized Averaging 

 Averaging multiple trials of the same signal can help reduce noise and improve signal-to-

noise ratio (SNR).  This is done by identifying the noiseless, repetitive signal.  Synchronized 

averaging was performed using the following equation [24]: 

                    (3.4) 

 In equation 3.4,   represents the number of signal copies,        is the original signal, 

and       is the noise.  Equation 3.4 can be extended to include multiple copies of the signal 

(M), as seen in equation 3.5.  As the number of copies of the signal increases, the amount of 

noise decreases [24]. 

       
 

   
        

 

   
       

 

   
 (3.5) 

 This step not only helped reduce noise, but it also made up for slight misalignments and 

time differences during data acquisition. 

3.4.5 RMS and iEMG 

 Once the filtering and averaging was complete, the envelope of the EMG was computed 

for analysis.  The muscle activity and behaviour were compared using RMS and iEMG.  

Equation 3.6 was used to compute the RMS values.  

       
 

 
   

    
    

         (3.6) 

 In this equation,   represents the signal and   represents the number of samples.  Areas 

under the envelopes of the EMG were computed by integrating the envelops, using the following 

equation: 
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 (3.7) 

3.4.6 Motion Data Processing 

 Motion data acquired from the three spatial directions (x, y, and z) were combined using 

equation 3.8. 

                  (3.8) 

 A moving average filter was used to remove noise, while computing the average motion 

between the subjects.  Equation 3.9 represents the  moving average filter used on the motion data 

[24]. 

      
 

 
       

   

   
 (3.9) 

 The linear acceleration and angular velocity data acquired from the neck and body were 

normalized and compared by taking the differential between neck and body motion.  A window 

size (M) of 0.2 seconds was used.  

3.4.7 Statistical Analysis 

 The EMG signals were further compared using the following parameters: (1) mean, (2) 

standard deviation, and (3) variance.  The normal distribution pattern was used to analyze how 

the EMG signals were distributed, relative to the mean, under the four conditions mentioned 

above.  The probability density function for a normal distribution can be depicted using the 

following equation[61]:  

           
 

    
  

 
 
 
   
 

 
 

 (3.10) 
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 The symbols    and   represent mean and standard deviation, respectively.  The mean 

and standard deviations were computed for signals acquired from each muscle, under the four 

conditions, using equations 3.11 and 3.12. 

   
  

 
 (3.11) 

 In equation 3.11, n is the number of samples, and x represents the data value.  

 The standard deviations and variances helped determine how much the signals differed 

from the mean, as well as the fluctuation levels of the signals acquired.  The equation used can 

be found below. 

     
          

   

   
 (3.12) 

 In equation 3.12,   is the standard deviation    is the data value, and    is the mean of   .   

     
         

   
 (3.13) 

 In equation 3.13,    represents the variance 

3.4.8 Features 

 Further analysis was performed by comparing amplitudes, zero crossings (ZC), slope sign 

changes (SSC), and waveform lengths (WL).  The amplitude provides information relating to the 

power of the muscle contractions.  The number of zero crossings measures the amount of times 

the signal amplitude crosses zero.  This can help provide information relating to the frequency of 

contractions and muscle fatigue.  Zero crossings can be represented by equation 3.14 [62].   

                                        

   

   

 (3.14) 
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 The SSC (represented in equation 3.15) indicates the number of times the signal changes 

slope.  SSC can provide information relating to the stages of muscle contractions (activation, 

contraction, recharging, and relaxation) [63].   

                             

 

   

 (3.15) 

       
                

           
  

 Finally, the waveform length provides information relating to the length of muscle 

activity.  The equation for waveform length can be seen in equation 3.16 [63]. 

               

 

   

 (3.16) 

 In equations 3.14, 3.15, and 3.16,   represents the EMG data point and N represents the 

signal length.    

3.5 Chapter 3 Summary 

 This chapter has discussed the devices, preparations, and processing techniques used in this 

study.  The MaxFlight motion simulator provided a fully enclosed environment to test within.  

The BioRadio, with its multifunctional capabilities, helped measure EMG, ECG, linear 

acceleration, and angular velocity data, simultaneously.  Furthermore, ECG crosstalk can occur 

in EMG signals acquired from areas with stronger pulse (closer to the heart).  The adaptive 

filtering technique was used to successfully remove ECG crosstalk from EMG and the additional 

processing techniques were used create smooth comparable signals.  Finally, statistical analysis 

along with features such as ZC, SCC, and WL were used to provide accurate information relating 

to EMG signal patterns.     
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Chapter 4 

Results and Discussion 

 

he following section discusses the results obtained from 20 subjects, 6 muscles, in the 

backward and forward pitch plane, with and without visuals.  MATLAB was used to 

process the data and create results and plots.  The EMG signals between the different muscles 

varied in signal strength and power.  However, the overall pattern of the EMG signals were 

similar.  For that reason, additional graphs focused on the right sternocleidomastoid muscle, 

when comparing the EMG, acceleration, and velocity profiles.  This section focuses on the 

average results obtained from all the subjects.  Extensive data tables can be found in Appendix 

A.  The first half of this section focuses on the EMG signals acquired in the backward and 

forward pitch plane, with and without visuals.  The second half of this section focuses on the 

linear acceleration and angular velocity profiles, under the same conditions.   

 

4.1 Graphical Results of Neck Muscle Activity 

4.1.1 Adaptive Filtering Results 

 Before the EMG results were process, ECG crosstalk from the neck was removed using 

adaptive filtering.  Figure 4.1, shows an example output from the filter. 

4.1.2 Backward Rotation  

 The normalized average muscle activity for each muscle, during backward rotation 

without VR, can be seen in Figure 4.2.  Figure 4.3 illustrates the average data acquired while VR  

T 
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Figure 4.1: ECG Crosstalk Removal 
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Figure 4.2: EMG for Backward Rotation with no Visuals (red = envelope; blue = EMG) 
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was present.  In these figures, the blue line represents the raw EMG, the red line represents the 

envelope of the filtered and rectified EMG, and the green line shows the RMS value, for each 

envelope.  The first 2 rows of plots show the entire signal, while the last 2 rows shows a close-up 

view by scaling the y-axis.  The close-up view shows a better view of the activity during motion, 

as the neck muscle contraction are very small during this time.  The highest peaks can be 

observed toward the end of motion, at around the 1 second mark.  This point in time is also when 

the subject experiences the final jerky motion, resulting from a sudden stop.  The right muscles 

show higher activity before the final jerk.  This represents the muscle activity that occurred 

throughout motion.  However, the activity during motion is a lot smaller in amplitude, compared 

to the final jerk.  Since the movement only lasted about second, this may not have been enough 

time for the muscles to adapt to the motion until the very end.  Testing the neck muscle reactions 

for longer rides may show how the muscle adapt to the changes, once they are expected. 

 When looking at the amplitudes, the TRAP muscle showed slightly higher peaks of about 

0.9 mV.  The other muscles were closer to about 0.5 mV.  This differentiates between the front 

and back muscles.  The TRAP muscles, located in the back, are much larger and spread across a 

much wider area, compared to the SCM and SCAL muscles in the front. 

 In Figure 4.3, the peaks are evident during jerk.  However, when looking at the close-up 

plots in this figure, there is slightly more muscle activity taking place during movement by the 

TRAP muscles.  A few additional noticeable peaks are present for the left TRAP muscle.  This 

muscle shows a stronger initial contraction right after the start of motion.  There were not any 

mentionable differences between the amplitudes when measuring with VR, as opposed to 

without.  In this case, the strength of contractions maintains the same, where the TRAP muscles 

had stronger contractions during jerk ranging from 1 to 1.5 mV.  Here again, the SCAL muscles 

had the lowest amplitudes around 0.3 to 0.4 mV, which can be justified by their thinner size 

compared to the SCM and TRAP muscles.   

 One interesting factor was the slightly higher amplitudes by the front left muscles, while 

visuals were present.  This shows a slight rotation of head toward the opposite side of contraction 

(right side).  The subjects showed a slight rotation to the right.  This can be explained by the 

positioning of the subjects, during the experiments.  Since the motion simulator had two seats, all  
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Figure 4.3: EMG for Backward Rotation with Visuals (red = envelope; blue = EMG) 



42 

 

 

subjects were seated on the left seat, to maintain consistency.  Hence, the subjects lacked a 

central view of the screen.    

 All subjects were positioned slightly left to the centre of the screen.  This can explain 

why there were slightly stronger signals from the left muscles, as the head was slightly turned 

toward the centre of the screen.  This was noticeable while the VR was present.  When there 

were no visuals present, the amplitudes between the left and right muscles were closer together.  

It could be assumed that the subjects were not focusing on the screen during these trials, and had 

their heads facing straight forward. 

 When looking at the iEMG graphs for the backward motion.  It is evident that area under 

the curve increases dramatically towards end of motion.  In Figures 4.4 and 4.5, there is not 

much difference between the amount of work performed by the front muscles.  The back 

muscles, however, showed greater area under the curve when VR was present.  This can indicate 

two things, greater amplitudes or more activity resulting in frequent oscillations, when VR was 

present, as they result in larger integrals.  The front neck muscles showed a decrease in work 

while VR was present.  These lower contraction levels and activity levels could also be due to 

the headrest being present during motion.  The head and neck had support during the backward 

rotations.   

4.1.3 Forward Rotation 

 Figures 4.6 and 4.7 show the EMG activity for each muscle, during forward rotation, with 

and without VR.  From first glance, it is obvious that there is greater muscle activity during 

forward rotation.  The peaks during jerk are higher than the peaks in the backward motion, 

indicating stronger contractions.  A similar pattern observed, is back muscles (left and right 

TRAP) having higher peak amplitudes, however, during forward rotation we see the front 

muscles showing higher amplitudes as well.  The SCM muscles are very close in amplitude to 

the TRAP muscles.  The SCAL muscles' amplitudes have also increased from 0.3 mV during 

backward rotation to about 0.6 mV during forward rotation.  This shows that the front muscles 

definitely produce stronger contractions in the forward motion.  There are a lot more oscillations 

and the frequency of contractions are greater.  This show that that neck muscles are not only  
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Figure 4.4: iEMG for Backward Rotation with no Visuals 

 

 

 

Figure 4.5: iEMG for Backward Rotation with Visuals 
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Figure 4.6: EMG for Forward Rotation with no Visuals (red = envelope; blue = EMG) 
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Figure 4.7: EMG for Forward Rotation with Visuals (red = envelope; blue = EMG) 
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producing stronger contractions, but also a great number of contractions.  On the other hand, the 

amplitudes between the right and left muscles were relatively the same. 

 When taking a look at the graphs for forward motion with visuals, all the muscles show 

an increase in activity, with higher frequent oscillations, and more contractions.  So, the muscles 

are definitely more active with VR present, and during forward motions.  Since the head has no 

support while rotated in the forward pitch plane, the muscles have to put in more work to 

stabilize the head, thus the higher amplitudes and increase in muscle activity.  Here, as also seen 

in Figure 4.6, the SCM muscle amplitudes range from 1 to 1.5 mV.  However, we do see the 

pattern of left muscles having slightly higher amplitudes, indicating a slight head rotation to the 

right.  For example, the EMG of the left SCAL muscle reaches close to 0.8 mV while the right 

SCAL muscle reached a maximum amplitude of about 0.6 mV.  This is only evident in the front 

muscles, as they help rotate the head, while the TRAP muscles help with flexing and extending 

the neck.  In this case, the left TRAP muscle shows the higher initial peak a few milliseconds 

after the start of motion.   

 Another interesting aspect that was not evident in the previous graphs, was the 

contractions after the jerk.  One of the major impacts of VR was the increase in activity after the 

final jerk, during forward rotation.  The left SCM muscles show the strongest example of post-

jerk contractions.  This shows that when visuals were present, the neck muscles were active for a 

longer period of time.  Not only are these contractions caused by the subjects focusing on 

something ahead,  but having visuals with a focal point can help provide a sense of position that 

can be used to help stabilize the neck and head.  These extra contractions in the end were missing 

during backward rotation, as the head was supported by the headrest after jerk.  But, these post-

jerk contractions were also missing the forward motions without visuals present.  This could also 

be a sign that the head and neck may not be reaching proper stability, when experiencing forward 

rotational motions in complete darkness. 

Looking at Figure 4.8, it is evident that there is greater area under the curves for the 

signals acquired in forward motion.  The anterior muscles also show a slightly steeper slope 

before the jerk at 1 second.  This indicates greater muscle activity as the ride approached jerk.  

The SCM muscles had total iEMG ranging from 60 to 70 (mV/mV) s, while they mostly ranged 
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around 40 (mV/mV) s during backward rotation.  The (mV/mV) unit is achieved after 

normalization, where the EMG signal is divided by the MVC.  The unit for time becomes 

incorporated when computing the area under the curve, resulting in (mV/mV) s.  Furthermore, 

the right TRAP muscle showed a strong peak right after the start of motion. 

 The greater post-jerk activity can also be seen in Figure 4.9, as the slopes after the 1 

second mark are steeper than the iEMG graphs seen in Figures 4.4, 4.5, and 4.8.  The SCM 

muscles had the highest total area under the EMG signals.  This follows the earlier trend of the 

SCM muscles being the most active during forward motions.    

  In Figures 4.10-4.13, the right SCM muscle EMG from all subjects are plotted, for each 

condition.  Each colour represents the average between 3 trials for each subject.  The largest 

peaks occurred from 0.8 to 1.2 seconds in all the graphs.  However, the peaks slightly varied in 

time depends on the muscle reaction times of the subjects.  Most of the EMG reached around 0.6 

mV with a few signals that reach up to 0.8 mV.  The amplitudes for rotation in the forward pitch 

plane range around 0.9 to 1.2 mV.  The most important pattern to observe is that all the subjects 

produced the largest EMG peak close to the end of the ride, at the final jerk.  Hence, the stop in 

motion seems to play a greater role than the start. 

 

4.2 Graphical Results of Head and Body Motion 

4.2.1 Backward Rotation 

 The following section looks at the accelerometer and gyroscope data acquired during 

motion, under the same conditions.  One motion sensor was positioned behind the head where 

the parietal and occipital bones meet.  The second sensor was placed on the torso near the upper 

rectus abdominis muscle.  Motion data was acquired simultaneously with the EMG and ECG 

data.  The common simulator motion in the neck and body motion data was accounted for by 

taking the differential between the neck and body motion.  Additional graphs showing computed 

acceleration and jerk can be found in Appendix A. 

 



48 

 

 

 

 

Figure 4.8: iEMG for Forward Rotation with no Visuals 

 

 

Figure 4.9: iEMG for Forward Rotation with Visuals 
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Figure 4.10: All EMG for Backward Rotation with no Visuals 

  

 

 

Figure 4.11: All EMG for Backward Rotation with Visuals 
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Figure 4.12: All EMG for Forward Rotation with no Visuals 

 

 

 

Figure 4.13: All EMG for Forward Rotation with Visuals 
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 Figure 4.14 shows the motion profile of the neck during backward rotation, without VR 

present.  The plot to the left shows the linear acceleration measured using the tri-accelerometer, 

and the plot to the right shows angular velocity measured using the tri-axial gyroscope.  The blue 

line represents motion across the yaw plane, the red line represents motion across the pitch plane, 

and the green line represents motion across the roll plane.  As seen in the plot, there was greater 

angular motion, rather than linear motion.  This makes sense, as the subjects were rotated about a 

fixed point.  The largest degree of motion in the angular velocity graph can be seen across the y-

axis, as the subjects were rotated in the pitch direction.  Since, all the subjects showed similar 

motion patterns, with slightly varying reaction times, the single motion profiles of the neck and 

body presented in this section were from random subjects.  These graphs show the detail of 

motion and stabilization that become dampened in the averages.  The following graphs show the 

differential motion averages of all subjects.   

 When looking at the motion profile of the neck, the linear acceleration graph shows an 

acceleration of the neck in the positive roll axis after the end of motion.  This shows that the 

stabilization is achieved after the neck moves back with the body around jerk.  In the angular 

velocity graph, it is interesting to see how the head moves during motion.  The red line (pitch 

motion) shows initial motion of the head in the forward pitch plane, right after the start of 

motion.  This movement is then followed by a larger degree of motion in the backward pitch 

plane.  The maximum angular velocity occurs at the 1 second mark (the end of motion).  During 

the time period of 1.2 to 2 seconds, the graph shows some post-motion stabilization.  There are a 

few changes in slope signs that show posture adjustments.  Moreover, the angular motion across 

the roll plane is very small, however there were some stabilization seen across the yaw plane. 

Figure 4.15  shows the motion profile of the body during backward rotation, without VR 

present.  Here, the linear acceleration mostly occurred during motion (0 to 1 seconds).  When 

looking at the angular velocity graph, there is no initial jerk in the forward pitch plane, as noticed 

in the neck motion profile.  The body begins moving in the direction of motion with the greatest 

velocity around the 1 second mark.  One difference seen in Figure 4.14, compared to Figure 

4.15, was the maximum angular velocity reached by the neck (about 90 degrees per second),  
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Figure 4.14: Motion Profile of Neck for Backward Rotation with no Visuals (red = pitch; blue = 

yaw; green = roll) 

 

versus the body (about 75 degrees per second).  The angular profile of the body also shows more 

frequent slope sign changes throughout motion.    

Figure 4.16 displays a comparison between the total motion produced by the neck and 

body, across all axes, in vector matrix units (VMU).   Both the neck and body have greater 

motion towards the end of the ride, as the simulator comes to a sudden stop.  The neck shows 

greater motion relative to the body.  It is also evident, from Figure 4.16, that the body has a 

smoother profile, compared to the neck.  The neck profile shows smaller motion pulses after the 

start of motion, as well as after the completion of motion.  The green line in the neck profile 

graph shows the average EMG response by the right SCM muscle.  The maximum contraction 

occurs during the highest range of motion from 0.8 to 1.2 seconds.  This shows the neck muscles 

exerting the strongest contraction to prevent angular neck motion past a certain point during jerk.    
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Figure 4.15: Motion Profile of Body for Backward Rotation with no Visuals (red = pitch; blue = 

yaw; green = roll) 

 

 

Figure 4.16: Comparison of EMG, Neck and Body Angular Velocity for Backward Rotation 

with no Visuals (blue = motion; green = EMG) 
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 Further processing was performed to compute the differential motion between the neck 

and the head.  This step normalizes the data and eliminates any common motion between the 

neck and body. Figure 4.17, shows all the computed differential motion profiles for each subject.  

The graph shows an overall similar pattern with slightly varying reaction times.  All the 

differential motion profiles were averaged using a moving average filter with a window size of 

0.2 seconds.  Figure 4.18, shows the differential motion average of all subjects.  The differential 

linear acceleration between the neck and body were very minimal.  In the angular velocity graph, 

a positive VMU indicates dominance in neck motion, while a negative VMU indicates a 

dominance in body motion.  In this graph, the neck had dominant motion most of the time.  The 

profile begins with an initial peak of motion after the start of motion, after which the neck and 

body reached a common velocity (indicated by the zero differential at about 0.7 seconds).  A 

greater peak of motion occurs at the stop of motion, around 1 second, and common velocity was 

reached again around 1.3 seconds.  The profile ends off with some minor dominance in head 

motion that starts decreasing towards zero (stabilization).   

 

 

Figure 4.17: All Differential Motion Graphs for Backward Rotation with no Visuals 
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Figure 4.18: Average Differential Motion Graphs for Backward Rotation with no Visuals 

 

 Overall, for angular motions of 45 degrees per second, the peak angular velocity of the 

neck ranges from  35 to 40 degrees per second.  The velocity in the backward motion is close to 

that of the simulator.  This following part looks at the graphs acquired during backward motion 

with the presence of VR.  As seen in Figure 4.14, the linear acceleration graph to the left of 

Figure 4.19 shows minimal motion of about 1 g.  There is forward acceleration, after motion has 

stopped, as well as a slight movement to the right (seen by the blue line), which may be due to 

the focus on the screen. The angular velocity graphs shows a similar overall pattern as seen 

before, without VR.  The motion profile starts off with an initial jerk in the opposite direction of 

motion, followed by movement in the same direction as motion.  This graph also shows a similar 

number of slope sign changes after the 1.2 second mark as Figure 4.15.  One difference seen in 

this graph is that the motion in the pitch access is much smoother, with few oscillations and 

minor slope changes compared to Figure 15. 
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Figure 4.19: Motion Profile of Neck for Backward Rotation with Visuals (red = pitch; blue = 

yaw; green = roll) 

 

 Figure 4.20 shows the motion profile of the body during backward motion, with VR 

present.  One major difference in linear body motion is that the majority of the linear 

acceleration  occurs during motion, rather than after.  Here again, it is evident that the body does 

not have the initial jerk of motion in the opposite direction of motion as the neck does. One 

difference found in Figure 4.20, is the stronger oscillations compared to no visuals present.  This 

graph shows more swaying of the body as the body works to stabilize itself.  The presence of 

VR, definitely shows a difference in how the body moves throughout motion.  The magnitudes 

of the signals are relatively the same for both conditions.    

 When looking at the sum of both neck and body movements in Figure 4.21,  The neck 

reaches a slightly higher magnitude than the body.  Although the body signal shows more 

prominent swaying, compared to when visuals were not present, the neck motion shows a much 

smoother change in angular velocity.  The presence of VR, seems to be impacting how sudden 

the neck changes positions.  
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Figure 4.20: Motion Profile of Body for Backward Rotation with Visuals (red = pitch; blue = 

yaw; green = roll) 

 

Figure 4.21: Comparison of  EMG, Neck and Body Angular Velocity for Backward Rotation 

with Visuals (blue = motion; green = EMG) 
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 Figure 4.22 shows all the differentials between neck and body motions.  These shows a 

very similar pattern to the differentials computed for backward motion with no visuals.  

However, there were a couple of subjects that had slightly stronger signals resulting in slightly 

larger magnitudes from 0.6 to 1 second, as seen in the average in Figure 4.23.   

 

4.2.2 Forward Rotation 

 This sections looks at the motion results during forward rotation.  Figure 4.24, shows the 

motion profile of the neck, while VR was not present.  The change in direction is visible by the 

positive angular velocity values.  Similar to backward rotation, there is very minimal linear 

acceleration.  In this case, most of the linear acceleration of the neck occurs after motion.  The 

green line shows acceleration in the backward pitch plane as the neck makes up for the forward 

push during jerk.  Linear acceleration across the yaw and pitch planes remain minimal.  The 

angular velocity graph in Figure 4.24 shows an initial jerk in the opposite direction of motion.   

 

 

Figure 4.22: All Differential Motion Graphs for Backward Rotation with Visuals 
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Figure 4.23: Average Differential Motion Graphs for Backward Rotation with Visuals 

  

Figure 4.24: Motion Profile of Neck for Forward Rotation with no Visuals (red = pitch; blue = 

yaw; green = roll) 
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However, the magnitude of this initial peak in smaller than the ones recorded during backward 

motion.  This may be due to the support provided by the headrest as the head makes its initial 

movement backward.  Another difference seen in the angular velocity is a greater period of close 

to constant angular velocity (0.6 - 1 second).   

 Figure 4.25 shows the motion profile of the body.  The body shows majority of linear 

acceleration during motion, rather than after.  The greatest motion occurs along the roll plane, as 

the body is pushed forward.  In the angular velocity graph, there is no initial motion in the 

opposite motion, as seen in the neck profile.  The body is directly pushed in the direction of 

motion.  The angular velocity of the body not only reaches a maximum that exceeds the heights 

reached in the backward motion, it also exceeds the maximum angular velocity of the neck.  The 

swaying of the body remains constant as the body changes its centre of mass to refrain from 

tipping.   

 Figure 4.26, shows the sum of angular motion for both the neck and body.  It evident that 

the body reaches a higher angular motion than the neck.  The body also shows more frequent 

oscillations, during motion and after.  Figure 4.27 plots the differentials between neck and head 

motions for all subjects.  This plot shows a slightly different pattern than the differential plots for 

the backward motion.  The graph starts off with greater body motion during motion, followed by 

greater neck motion after motion.  This is further illustrated by the average differential curve in 

Figure 4.28.  The body definitely showed a greater degree of motion in the forward pitch plane, 

however the amount of neck motion is slightly lower compared to the differential magnitudes 

seen in the backward motion.  This is caused by the upper body being flung backward during the 

initial jerk.  For forward rotation, the differential peak angular velocity of the head decreases to 

about 60% of the differential peak angular velocity seen during backward motion.  However, 

dominance in body angular velocity increases by 15%. 

 When looking at the results for forward movement with VR, the linear acceleration graph 

in Figure 4.29 shows forward acceleration.  The angular velocity graphs shows a very similar 

overall pattern as seen in Figure 4.24.  There is period of constant angular velocity from 0.6 to 1 

seconds.  A very slight difference can be seen in the minor oscillations during constant velocity.   
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Figure 4.25: Motion Profile of Body for Forward Rotation with no Visuals (red = pitch; blue = 

yaw; green = roll) 

 

 

Figure 4.26: Comparison of EMG, Neck and Body Angular Velocity for Forward Rotation with 

no Visuals (blue = motion; green = EMG) 
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Figure 4.27: All Differential Motion Graphs for Forward Rotation with no Visuals 

 

Figure 4.28: Average Differential Motion Graphs for Forward Rotation with no Visuals 
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 These oscillations are slightly more prominent and constant, compared to the random 

ones seen in Figure 4.24.  

 The motion profile of the body, seen in Figure 4.30, does not show any noticeable 

differences when VR was present.  The maximum angular velocity reaches close to 100 degrees 

per second and the amount of bodying swaying is similar to the graphs above.  The comparison 

graph in Figure 4.31, shows that the body motion reaches a higher magnitude compared to neck 

motion.  When comparing this graph to the ones seen during backward motion, the overall 

pattern for the body motion is similar.  However, the neck motion shows a longer period of 

constant angular velocity during forward motion. 

 Figure 4.32 plots the differentials between neck and body for all subjects during forward 

rotation, with the presence of VR.  When looking at the average between all subjects in Figure 

4.33, the body has dominance during motion, followed by neck dominance after the final jerk.  

During backward rotation, the neck had greater dominance throughout.  The maximum 

amplitudes are relatively similar with and without the presence of VR.  However, movement 

during backward rotation showed greater maximum magnitudes of motion, compared to forward 

motion. 

4.2.3 EMG Data 

 Table 4.2 summarizes the average quantitative results obtained from all the subjects' 

EMG.  An extensive table showing results for each specific muscle can be found in Appendix A.  

In order to be able to compare data between subjects with different muscle strengths, statistical 

values were taken as a percentage of the MVC.  These values further explain the patterns noticed 

in the graphs above.  When comparing the values between the four different conditions, the 

forward rotation showed higher results.  The presence of visuals resulted in slightly higher values 

compared to no visuals.   

Higher iEMG values for the forward rotation and the presence of VR demonstrates a higher 

amount of overall work performed by the neck muscles.  Furthermore, the higher RMS values 

for these conditions signifies a higher muscle power exerted by the neck muscles.  The average 

effect muscle power exhibited during forward motion was approximately 10-10.5% of the MVC.   
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Figure 4.29: Motion Profile of Neck for Forward Rotation with Visuals (red = pitch; blue = yaw; 

green = roll) 

 

 

Figure 4.30: Motion Profile of Body for Forward Rotation with Visuals (red = pitch; blue = 

yaw; green = roll) 
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Figure 4.31: Comparison of EMG, Neck and Body Angular Velocity for Forward Rotation with 

Visuals (blue = motion; green = EMG) 

 

 

Figure 4.32: All Differential Motion Graphs for Forward Rotation with Visuals 
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Figure 4.33: Average Differential Motion Graphs for Forward Rotation with Visuals 

 

The average effect muscle power exerted by the neck muscles was about 7.5-8% of the MVC. 

Since the variances and standard deviations provide information related to how disperse the 

EMG values were from the mean, higher variances and standard deviations indicates an increase 

in phasic activity.  

 Tables A.2 and A.4 in Appendix A show that during the backward motion, the RMS, 

variance, and iEMG values were greatest for the TRAP muscles, followed by the SCM muscles 

having the second highest, and the SCAL muscles having the lowest.  However, for the forward 

rotation, the RMS, variance, and iEMG values slightly decrease for the TRAP muscles, while 

they increase for the SCM and SCAL muscles.  This indicates that the amount of work and 

strength of contractions do vary depending on the muscle.  The posterior neck muscles are more 

active during the backward motion and the anterior neck muscles are most active during forward 

motion.  The ZC, SCC, and WL values further highlights the patterns of the EMG.  The increase 

in activity during forward rotation can be identified by a greater number of times the EMG 

passes the zero mark, as well as the number of times the signal changes slopes signs.   
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4.3 Tabulated Results 

Table 4.1 indicates the units for each feature. 

Table 4.1: Units Chart 

EMG Feature Units 

RMS (% of MVC) 

Absolute Mean (% of MVC) 

Variance (% of MVC) 

Standard Deviation (SD) (% of MVC) 

Amplitude (mV/mV) 

WL (mV/mV) 

iEMG (mV/mV) s 

Linear Acceleration (g) 

Angular Velocity (degrees/second) 

Differential Linear Acceleration VMU 

Differential Angular Velocity VMU 

 

 Another interesting point to notice was that for conditions with no visuals, the right 

muscles showed slightly more activity than the left muscles.  It would be interesting to test if this 

is related to hand dominance.  Moreover, when visuals were present the left muscles showed to 

be more active, with higher RMS and iEMG values.  This can be explained by a slight rotation to 

the right as the subjects direct their focus toward the centre of the screen.  The higher activity 

level of the TRAP and SCM muscles can also be seen by the higher number of ZC, SCC, and 

WL values. 

4.3.1 Motion Data 

 

 Table 4.3 provides a summary of the motion data acquired from the head and body.  

Additional tables in appendix A provide more extensive results for each axes of motion.  The  
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Table 4.2: EMG Feature Average for Each Condition 

 Backward no 

VR 

Backward 

with VR 

Forward no 

VR 

Forward with 

VR 

RMS  7.64 8.00 10.17 10.55 

Absolute Mean  1.92 2.00 2.51 2.79 

Variance  0.63 0.81 1.12 1.18 

SD  7.80 8.12 10.32 10.60 

Amplitude  0.76 0.76 0.91 0.94 

ZC 61.17 73.83 67.17 75.30 

SSC 87.67 96.17 91.00 99.80 

WL  3.61 3.83 4.72 6.07 

iEMG  38.37 39.96 50.13 55.72 

 

linear acceleration amplitudes were very similar for conditions with and without the presence of 

VR.  However, there was a slightly higher range of linear motion achieved during forward 

rotation.  The head and body had very similar amount of linear acceleration.  For angular 

velocity, the head reached higher angles of motion during backward motion, while the body 

reached higher angles during the forward motion.  Although the muscle activity showed 

noticeable differences when visuals were present, the difference in motion between having 

visuals and no visuals were very minimal for both directions.  This shows that the visuals mostly 

affect how the muscles react in order to achieve balance and stability.  

 Table 4.4 compares the subjects' height weight to the maximum differential motion 

between head and body.  The results show that subjects with a lower head mass showed higher 

levels of motion, compared to subjects with a greater head mass.  Thus, the head weight is also 

related to the degree of motion exerted during jerky rotational movements. 
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Table 4.3: Motion Feature Average for Each Condition 

 Backward no 

VR 

Backward with 

VR 

Forward no 

VR 

Forward with 

VR 

Maximum 

Linear Head 

Acceleration 

1.13 1.2 1.34 1.3 

Minimum 

Linear Head 

Acceleration 

-0.18 -0.11 -0.37 -0.2 

Maximum 

Angular Head 

Velocity 

37.84 50.6 75.81 79.35 

Minimum 

Angular Head 

Velocity 

-94.97 -129.52 -22.16 -28.26 

Maximum 

Linear Body 

Acceleration 

1.08 1.15 1.4 1.24 

Minimum 

Linear Body 

Acceleration 

-0.19 -0.2 -0.77 -0.75 

Maximum 

Angular Body 

Velocity 

19.53 9.16 113.83 96.98 

Minimum 

Angular Body 

Velocity 

-77.58 -82.7 -20.75 -17.21 

Maximum 

Differential 

Acceleration 

0.58 0.97 0.7 0.55 

Minimum 

Differential 

Acceleration 

-0.31 -0.8 -0.96 -0.34 

Maximum 

Differential 

Velocity 

38.52 44.78 24.68 18.07 

Minimum 

Differential 

Velocity 

-2.31 0 -16.25 -5.92 
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Table 4.4: Head Weight to Motion Comparison 

Head 

Weight 

Maximum 

Motion 

(VMU) 

14.48 36.58 

13.20 36.65 

10.40 61.42 

11.20 85.33 

13.50 35.97 

15.60 24.36 

10.56 50.45 

8.80 41.77 

14.80 27.29 

13.60 23.62 

11.60 50.98 

10.80 51.09 

12.48 34.35 

11.12 40.84 

11.20 43.26 

14.40 27.47 

12.00 36.12 

12.80 38.98 

12.00 31.25 

11.12 42.27 

 

4.4 Discussion 

 The results show that there are observable differences between how neck muscles react, 

and how the head and body work to stabilize posture when rotated in the forward and backward 

pitch plane.  In experiments performed by Forslund et al. trunk rotations averaged about 45 

degrees for the transfer of SCI patients from table to wheelchair [14].  Other studies found that 

transferring patients from wheelchair to shower chairs resulted in lateral trunk rotations of about 

30 degrees [16, 64].  Hence, the rotations used in this study is the maximum about of movement 

patients should experience, as they undergo their day to day activities.    
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 Neck rotations seen in this study match the sustained angles found to cause neck 

discomfort in [65].  The neck EMG obtained in this study had magnitudes that were very similar 

to other studies relating to neck analysis during whiplash [12, 17, 45, 66].  However, by 

analyzing rotational motion in the forward and backward pitch plane, results showed differences 

in the strength of contractions produced by the different muscles analyzed.  As seen in [47], the 

posterior neck muscles were most active when moved in the posterior direction and the anterior 

neck muscles were most active when moved in the anterior direction.  However, there were also 

differences found between anterior neck muscles themselves.  The larger SCM muscles provided 

stronger contractions compared to the smaller SCAL muscles.    Furthermore, the highest energy 

regions were found to be at the very end of motion.  This confirms that the greatest force was 

exhibited at the stop of motion, as the neck worked to maintain control and posture.  The EMG 

showed much lower values during motion.  Additionally, trials with VR present showed a 

difference in neck posture, as the subjects were focused towards the screen. 

 Furthermore, the difference in motion profiles amongst the subjects may also be affected 

by the body and head weights of the subjects, so the subjects' weights were also recorded.  When 

the head weight of the subjects were approximated at 8% of the body weight, according to [67], 

and compared to the head and body motion, the body motion did not seem to be affected by the 

body weight.  This may be due to the harness that prevents the body from moving past a certain 

degree.  However, one of the interesting things to note was that, subjects that had lower head 

weight showed noticeably higher degrees of head motion during backward rotation.  In backward 

motion there is a headrest for support and the only major movement found to occur before the 

muscles start contracting is during the initial jerk.  The difference in movement during the jerk 

caused by the sudden start of motion compared to the sudden stop, can be explained by the 

higher level of unawareness of upcoming motion in the beginning.  Whereas, the stop of motion 

is expected after 1 second.  Hence, this is an important factor to consider in further research.  In 

addition, during the forward motion, the motion profile starts off with body dominance, followed 

by neck dominance.  During backward rotations, the head showed greater dominance throughout 

the ride. 
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 Studies by Siegmund et al. showed similar neck muscle and motion behaviour during 

linear motion [47].  However, this project was able to pick up on additional patterns and factors 

that influenced neck muscle and motion behaviours during rotational movements.  Previous 

studies have indicated that spatial orientation is greatly affected by combined sensory systems, as 

they add more stimulus inputs [18, 19].  This project has showed that it also affects neck muscle 

responses. The EMG signal processing techniques successfully produced clean signals that 

highlighted muscle behaviour from the beginning to the end of motion.  Additionally, the 

adaptive filter technique, commonly used for ECG processing,  was also shown to effectively 

removed ECG crosstalk from the raw EMG signals. 

 Maximum effective muscle power and work of 10.54% and 55.72 (mV/mV) s were 

reached respectively.  The minimum muscle power and work value, relative to MVC, were 

7.63% and 38.37 (mV/mV) s respectively.  Both the maximum values were from forward trials 

with VR present, while both the minimum value were from backward trials without the presence 

of VR.  Thus, these results provide the standard amounts of muscle power and work exerted by 

healthy subjects, as they undergo rotational movements.  These results can now be compared to 

patients with neck disorders, conditions, and/or weaker neck muscles. 

4.4.1 Comparison to Previous Experimentation  

 Since the previous experiments conducted on abdomen and back muscles used longer 

durations of motion, this study focused on having a shorter duration of motion, so that the head 

and body movement and muscle behaviour could be analyzed specifically during sudden 

increases and decreases of speed.  There were three main differences that were evident between 

this study and the previous study relating to abdomen and back muscles during rotational 

motions [48].  The first difference, as mentioned earlier, was the ECG crosstalk that occurred in 

neck EMG.  The second difference was the slightly smaller magnitudes seen in the contractions.  

This is expected as the neck works to control a smaller weight portion of the body (the head), 

where as the abdomen and back muscles work to control a larger weight.  The head is estimated 

at about 8.2% of the total body weight, whereas the abdomen is estimated at about 13% of the 

total body weight [67].  The final difference was the direction and magnitudes of head motion, 
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relative to body motion.  The similarities between the two studies were the increase in muscle 

activity during forward rotations and trials with VR presence.     

4.4.2 Limitations 

 The application of this study focuses on rotational motions that disabled individuals using 

wheelchairs experience in their daily lives.  One of the assumptions taken was that the motions 

experienced while travelling on a wheelchair were caused by another person pushing the 

wheelchair from behind.  Hence, the subject may not always be aware of the upcoming motions.  

Performing the same tests where the subject has control of motion (as they do when they travel 

on motorized wheelchairs) may produce different results.  Moreover, although this study tested 

the maximum amount of rotation a patient would typically experience in the pitch motion, at 

times they may also experience rotational motions in the roll and yaw planes, for example when 

turning corners. 

 Also, this study focuses on the behaviour and motion of healthy individuals only.  

Wheelchairs users are highly prone to much weaker muscles and responses.  However, it is 

important to first get an idea of how healthy muscles react to such motions, in order to able to 

determine how weaker muscles differ from the healthy.  Patients with neck injuries tend to hold 

rigid postures to prevent further pain during movement.  Overtime, this starts affecting posture 

and adds to neck strain.  Furthermore, here, a motion simulator was used to simulate wheelchair 

motion indoors.  There may be other factors that influence how patients may react to such 

motions, such as the environment, weather, etc.   

 Additionally, when the tests were executed with VR, the subjects were seated slightly left 

to the center of the screen.  This was because the motion simulator was a two person ride, which 

resulted in each seat being positioned slightly to the side of the center.  The tunnel scenery 

played during trials with VR, presented the illusion of travelling forwarded through the tunnel.  

Since the visual scene of the tunnel showed common motion during forward and backward 

rotations, there was conflicting visual input for backward motion.  Finally, the display presented 

to the subjects was a 2 dimensional tunnel view.  This differs from the typical street view that 

wheelchair users experience realistically.  However, as a preliminary study, the purpose was to 

find out whether visual stimuli had an effect on how neck muscles reacted.  
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4.5 Chapter 4 Summary 

 This chapter has illustrated how neck muscle reactions differ under various conditions, 

such as direction of motion and the presence of VR.  Taking the differential between head and 

body motion has helped provide useful information relating to motion dominance.  Motions 

patterns were found to mimic common patterns seen in head and body motion during whiplash 

injuries.  Tabulated results further supported the hypothesis mentioned in section 1.2.  This 

chapter has described in detail the muscle contraction, head and body motion ranges that healthy 

individuals typically produce during rotational motions.  
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Chapter 5 

Conclusions and Future Work 

5.1 Conclusions 

 

HIS study has successfully tested and analyzed neck muscle behaviour along with head and 

body movement during rotational motions, with and without the presence of VR.  The 

controlled variables, direction and visuals have shown to play a role in neck muscle responses.  

The signal processing techniques used provided clean comparable signals and the adaptive 

filtering technique was able to effectively remove ECG crosstalk from EMG signals. 

 The use of a motion simulator and VR can be further used for rehabilitation, balance and 

posture training purposes.  Through this study it has become clear how the head and body work 

together to reach stabilization during motion.  Furthermore, factors such as visuals, head weight, 

and direction of motion have been found to affect how neck muscles react during motion.  

Hence, these factors must be taken into consideration not only when planning rehabilitation 

program, but also when designing wheelchairs, headrests, and other supportive neck braces. 

 The greatest neck muscle activity was found to be at the end of motion.  The strength of 

contractions depended on the location of the muscle and the direction of motion.  The posterior 

neck muscles produced stronger contractions when subjects were rotated in the backward pitch 

plane, and the anterior neck muscles produced stronger contractions when subjects were rotated 

in the forward pitch plane.  Maximum effective muscle power and work of 10.54% and 55.7 

(mV/mV) s were reached respectively, while the minimum muscle power and work value, 

relative to MVC, were 7.63% and 38.3 (mV/mV) s respectively.  Trials with VR present resulted 

in higher muscle activity and work to reach stabilization.  When the head and body motion were 

T 
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analyzed, results mimicked the S-phase of common whiplash injuries.  While the head and body 

worked together to achieve stabilization during motion, the times of dominance between the two 

varied depending on the direction of motion.  The neck had greater motion during backward 

motion.  These results acquired from healthy subjects can now be compared to data acquired 

from patients with neck disorders or weaker neck muscles.   

5.2 Future Work 

 Although motion simulators have proven to be effective devices to use for rehabilitation 

and training purpose, future research  looking to study muscle behaviour and seated balance of 

wheelchair users should consider using actual wheelchairs for testing.  Future work can use the 

results obtained from this study to analyze how the results of patients suffering from weaker 

muscles and/or neck disorders differ.  Additionally, the EMG data ranges acquired from healthy 

subjects can also be used to functionally simulate weaker muscles, as a therapeutic option.  

Furthermore, since it is evident that visuals affect movement and muscle behaviour, it becomes 

important to analyze muscle behaviour of individuals with low vision.  An additional sensory 

input to test would be sound.  This would definitely be an interesting factor to test when studying 

EMG responses of the visually impaired.  

 Moreover, this study focuses on rotation over the pitch plane, as most motion during 

daily activities occur over this plane.  However, wheelchair users may also be prone to slight 

motions in the roll and yaw planes.  Thus, another future approach would be to test neck muscle 

activity, posture and balance during rotational motions in the roll and yaw planes, to see whether 

the muscle contraction strengths and work differs.  Also, for future work the visual scenery can 

be modified to resemble streets the subjects typically travel.  Furthermore, this study does not 

give the subjects control over motion.  Neck muscle behaviour and seated balance of patients in 

motorized wheelchairs can be better examined by providing the test subjects control over motion. 

 Some of the features computed in this study including ZC, SCC, and WL provided useful 

information relating to EMG patterns.  These features can also be used for purposes such as 

muscle disorder diagnosis and classification.    
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Appendix A 

Experimental Results 

 

A.1 Backward Rotation With No Visuals 

A.1.1 EMG Data   

Table A.1: EMG Feature Data for Backward Rotation with no Visuals 

  SCM-L SCM-R SCAL-L SCAL-R TRAP-L TRAP-R 

RMS  6.11 8.49 5.18 8.73 7.82 9.48 

Absolute Mean  1.36 2.50 1.20 2.45 1.67 2.33 

Variance  0.41 0.74 0.28 0.74 0.67 0.95 

SD  6.38 8.57 5.34 8.58 8.21 9.73 

Amplitude  0.67 0.80 0.52 0.76 0.87 0.94 

ZC 62.00 58.00 65.00 61.00 62.00 59.00 

SSC 86.00 102.00 94.00 85.00 75.00 84.00 

WL  2.79 4.72 2.35 3.85 3.49 4.44 

iEMG  27.22 50.00 24.04 48.93 33.48 46.55 

iEMG Sum 230.23 
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A.1.2 Motion Data   

 Table A.2: Motion Feature Data for Backward Rotation with no Visuals 

  Yaw Pitch Roll 

Maximum Linear Head Acceleration 0.17 0.10 0.82 

Minimum Linear Head Acceleration -0.53 -0.17 -0.34 

Maximum Angular Head Velocity 16.42 37.41 9.70 

Minimum Angular Head Velocity -12.45 -95.40 -16.05 

Maximum Linear Body Acceleration 0.17 0.07 0.60 

Minimum Linear Body Acceleration -0.97 -0.10 -0.01 

Maximum Angular Body Velocity 16.85 11.54 7.26 

Minimum Angular Body Velocity -13.06 -77.52 -12.70 

Maximum Differential Acceleration 0.53 

Minimum Differential Acceleration -0.29 

Maximum Differential Velocity 35.31 

Minimum Differential Velocity -45.47 
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Figure A.1: Acceleration and Jerk Profiles of Neck for Backward Rotation with no Visuals  

 

Figure A.2: Acceleration and Jerk Profiles of Body for Backward Rotation with no Visuals 
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A.2 Backward Rotation With Visuals 

A.2.1 EMG Data  

 Table A.3: EMG Feature Data for Backward Rotation with Visuals 

  SCM-L SCM-R SCAL-L SCAL-R TRAP-L TRAP-R 

RMS 7.50 7.99 3.76 3.94 14.59 10.20 

Mean 1.92 1.79 0.86 1.06 3.94 2.41 

Variance 0.59 0.66 0.15 0.15 2.21 1.10 

SD 7.66 8.12 3.87 3.88 14.87 10.48 

Amp 0.72 0.68 0.38 0.34 1.43 1.02 

ZC 69.00 86.00 86.00 70.00 59.00 73.00 

SSC 101.00 104.00 103.00 92.00 83.00 94.00 

WL 3.80 3.31 1.72 1.75 7.59 4.80 

iEMG Max 38.51 35.86 17.17 21.18 78.82 48.18 

iEMG Sum 239.73 
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A.2.2 Motion Data  

 Table A.4: Motion Feature Data for Backward Rotation with Visuals 

 Yaw Pitch Roll 

Maximum Linear Head Acceleration 0.27 0.20 0.74 

Minimum Linear Head Acceleration -0.75 -0.07 -0.37 

Maximum Angular Head Velocity 8.24 50.29 17.27 

Minimum Angular Head Velocity -26.37 -129.83 -9.58 

Maximum Linear Body Acceleration 0.83 0.11 0.05 

Minimum Linear Body Acceleration -0.34 -0.04 -0.62 

Maximum Angular Body Velocity 5.92 8.36 3.91 

Minimum Angular Body Velocity -11.17 -83.50 -20.39 

Maximum Differential Acceleration 0.90 

Minimum Differential Acceleration -0.78 

Maximum Differential Velocity 54.79 

Minimum Differential Velocity -52.92 
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Figure A.3: Acceleration and Jerk Profiles of Neck for Backward Rotation with Visuals 

 

Figure A.4: Acceleration and Jerk Profiles of Body for Backward Rotation with Visuals 
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A.3 Forward Rotation With No Visuals 

A.3.1 EMG Data  

 Table A.5: EMG Feature Data for Forward Rotation with no Visuals 

  SCM-L SCM-R SCAL-L SCAL-R TRAP-L TRAP-R 

RMS 10.29 13.45 6.30 8.90 10.11 11.97 

Mean 2.58 3.08 1.48 2.55 2.44 2.91 

Variance 1.09 1.86 0.42 0.78 1.08 1.46 

SD 10.45 13.64 6.48 8.85 10.39 12.10 

Amp 0.96 1.12 0.63 0.75 1.01 0.99 

ZC 52.00 56.00 67.00 72.00 75.00 81.00 

SSC 85.00 77.00 99.00 93.00 87.00 105.00 

WL 4.85 5.49 2.96 4.83 4.86 5.35 

iEMG Max 51.64 61.61 29.53 51.10 48.76 58.13 

iEMG Sum 300.77 
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A.3.2 Motion Data  

 Table A.6: Motion Feature Data for Forward Rotation with no Visuals 

  Yaw Pitch Roll 

Maximum Linear Head Acceleration 0.43 0.05 0.12 

Minimum Linear Head Acceleration -0.25 -0.05 -0.84 

Maximum Angular Head Velocity 7.39 77.82 7.93 

Minimum Angular Head Velocity -7.26 -20.14 -9.46 

Maximum Linear Body Acceleration 0.65 0.05 0.93 

Minimum Linear Body Acceleration -0.19 -0.22 -0.23 

Maximum Angular Body Velocity 59.39 119.45 53.47 

Minimum Angular Body Velocity -8.36 -15.14 -3.17 

Maximum Differential Acceleration 0.73 

Minimum Differential Acceleration -0.93 

Maximum Differential Velocity 14.88 

Minimum Differential Velocity -41.07 

 

 

 

 

  



85 

 

 

 

 

Figure A.5: Acceleration and Jerk Profiles of Neck for Forward Rotation with no Visuals 

 

Figure A.6: Acceleration and Jerk Profiles of Body for Forward Rotation with no Visuals 
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A.4 Forward Rotation With Visuals 

A.4.1 EMG Data  

 Table A.7: EMG Feature Data for Forward Rotation with Visuals 

  SCM-L SCM-R SCAL-L SCAL-R TRAP-L TRAP-R 

RMS 13.90 13.38 7.64 8.43 9.39 10.55 

Mean 3.60 3.46 1.96 2.13 2.63 2.93 

Variance 1.99 1.73 0.61 0.71 0.90 1.12 

SD 14.12 13.15 7.81 8.45 9.48 10.59 

Amp 1.30 1.11 0.76 0.73 0.85 0.89 

ZC 68.00 70.00 75.00 86.00 70.00 83.00 

SSC 85.00 88.00 94.00 115.00 97.00 120.00 

WL 7.70 6.63 4.85 4.67 5.93 6.65 

iEMG Max 72.10 69.28 39.15 42.63 52.59 58.57 

iEMG Sum 334.32 
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A.4.2 Motion Data  

 Table A.8: Motion Feature Data for Forward Rotation with Visuals 

  Yaw Pitch Roll 

Maximum Linear Head Acceleration 0.33 0.09 0.75 

Minimum Linear Head Acceleration -0.27 -0.09 -0.05 

Maximum Angular Head Velocity 7.08 84.35 4.76 

Minimum Angular Head Velocity -5.80 -23.25 -10.62 

Maximum Linear Body Acceleration 0.50 0.02 0.96 

Minimum Linear Body Acceleration -0.01 -0.15 -0.19 

Maximum Angular Body Velocity 15.32 99.91 13.24 

Minimum Angular Body Velocity -4.94 -14.28 -2.20 

Maximum Differential Acceleration 0.66 

Minimum Differential Acceleration -0.36 

Maximum Differential Velocity 13.49 
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Figure A.7: Acceleration and Jerk Profiles of Neck for Forward Rotation with Visuals 

 

 

Figure A.8: Acceleration and Jerk Profiles of Body for Forward Rotation with Visuals 
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Publications 
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1. S. Sirikantharajah, K.M.V. McConville, Analysis of Neck EMG, Head Movement and Body 

Movement During Rotational Motion in a Motion Simulator, IEEE Engineering in Medicine and 

Biology Society 2015 conference (EMBC 2015), Aug. 2015, Milan, Italy (Under review). 

 

2. N. Zolfaghari, M. Shafeie, S. Sirikantharajah, K.M.V. McConville, Comparison of PS25015A 

Dry Electrodes and Two Different Ag/AgCl Wet Electrodes for ECG Applications, Sensor 

Devices Technologies and Applications (IARIA, 2014), Nov. 2014, pp.79-93, Lisbon, Portugal. 

 

B.2 Journals 

1. N. Zolfaghari, S. Sirikantharajah, M. Shafeie, K.M.V. McConville, Adaptive Filtering 

Technique and Comparison of PS25015A Dry Electrodes and Two Different Ag/AgCl Wet 

Electrodes for Wearable ECG Applications, Sensors and Transducers, 184(1), pp. 84-91, 2015.  
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Glossary 

 

 

BCR  BioCapture Recording File 

COR  Centre of Rotation 

CSV  Comma-Separated Values  

DM1  Myotonic Dystrophy 

ECG  Electrocardiogram 

EDMD  Emery-Dreifuss Muscular Dystrophy 

EMG  Electromyogram 

GVS  Galvanic Vestibular Stimulation 

LGMD  Limb-Gridle Muscular Dystrophy 

MAE  Motion After-Effect 

MD  Muscular Dystrophy 

MND  Mechanical Neck Disorders 

MS  Multiple Sclerosis 

MVC  Maximum Voluntary Contraction 

OPMD  Oculopharyngeal Muscular Dystrophy 

RSSQ  Revised Simulator Sickness Questionnaire 

SCAL  Scalene 

SCI  Spinal Cord Injury 

SCM  Sternocleidomastoid 

SD  Standard Deviation 

SNR  Signal to Noise Ratio 

SSC  Slope Sign Changes 

TRAP  Trapezius 

VMU  Vector Matrix Unit 

VOR  Vestibular-Ocular Reflex  

VR  Virtual Reality 

WAD  Whiplash Related Disorders 

WL  Waveform Lengths 

ZC  Zero Crossings 

 

 

   

 


