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This thesis presents a custom virtual reality (VR) rehabilitation system designed for upper 

extremity (UE) motor function, composed of three virtual activities of daily living (ADLs) and an 

Oculus Rift and Touch System. A custom biomechanical model designed to estimate UE joint 

angles and the Oculus Touch pose was also presented. Six healthy participants completed 10 

repetitions of each VR task while the VR system and an optoelectronic motion capture system 

collected kinematic data simultaneously. The VR system successfully prompted consistent motion, 

and motion primarily in the designed spatial directions for each task. Varying linear relationships 

existed between the measured Oculus Touch pose and UE joints among tasks, however, the Oculus 

Touch’s measured position in each task’s primary direction was significantly related to elevation 

angle and elbow flexion. Results indicate that a task-specific approach be applied when developing 

constraints to simplify model estimation of UE joints during dynamic motion. 

  

  



iii 

 

 

 

ACKNOWLEDGEMENTS 

 

I am so grateful for the support that I have had from many people throughout my time at 

the University of Guelph. First, I would like to extend my sincerest gratitude to Dr. Karen Gordon 

and Dr. Scott Brandon. Thank you for your mentorship, creative contributions to the project, 

believing in my abilities, and pushing me to produce my best work - I have learned so much from 

you. This thesis could not have been possible without your continued dedication to my professional 

development and this project. Life doesn’t always go as planned, and I am so glad that I had you 

both to guide me in the right direction.  

 

Thank you Rawad Alkallas for the countless late nights we spent developing this system, 

our life chats, and for your help with conducting the experiment. I would also like to thank the 

guys from the Robotics Institute, including Tanzim Mashrur, Cole Tarry Patrick Wspanialy, David 

Weales, and Matt Veres, for the fun times in the lab. Between playing 7 Wonders during lunch, 

our Friday afternoon meetings at Brass Taps, and our online weekly lunch times, there was always 

something fun to look forward to.   

 

I would also like to thank Sarah Luxon, Denise Johnson, and Tara Dingman from the 

Hamilton Health Sciences Center for providing your knowledge and expertise of stroke 

rehabilitation, and critical feedback for each iteration of the system to have produced the successful 

design we have today.  

 

Finally, thank you to my friends and family for your emotional support throughout this 

degree. One thing I have learned is that it’s not possible to predict what will happen in the future, 

but I know that no matter what happens, I can count on you to help me through.  

  



iv 

 

 

 

TABLE OF CONTENTS 

 

Abstract ........................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iii 

Table of Contents ........................................................................................................................... iv 

List of Tables ................................................................................................................................ vii 

List of Figures .............................................................................................................................. viii 

List of Abbreviations ..................................................................................................................... ix 

Chapter 1 Introduction ............................................................................................................... 1 

1.1 Motivation ........................................................................................................................ 1 

1.2 Objectives and Contributions ........................................................................................... 3 

1.2.1 Design and Evaluation of Virtual Reality Repetitive Task Training of Activities of 

Daily Living for Upper Extremity Rehabilitation: A Healthy Pilot Participant Study ........... 3 

1.2.2 Feasibility of Predicting Upper Extremity Joint Angles using the Oculus Rift and 

Touch System with Biomechanical Modelling ....................................................................... 3 

1.3 Thesis Organization.......................................................................................................... 4 

Chapter 2 Literature Review...................................................................................................... 5 

2.1 Stroke and Factors Affecting Rehabilitation .................................................................... 5 

2.2 Traditional Stroke Rehabilitation Methods ...................................................................... 7 

2.2.1 Physical Therapy ....................................................................................................... 7 

2.2.2 Cognitive Therapy .................................................................................................... 7 

2.2.3 Traditional Mirror Therapy and the Mirror Neuron Theory ..................................... 8 

2.3 Virtual Reality Therapy .................................................................................................... 9 

2.3.1 VR Hardware and Software .................................................................................... 10 

2.3.2 VR Rehabilitation Task Designs ............................................................................. 12 



v 

 

 

 

2.3.3 A Virtual Reality Rehabilitation System Developed at the University of Guelph . 15 

Chapter 3 Design and Evaluation of Virtual Reality Repetitive Task Training of Activities of 

Daily Living for Upper Extremity Rehabilitation: A Healthy Participant Pilot Study ................. 19 

3.1 Introduction .................................................................................................................... 20 

3.2 Methods .......................................................................................................................... 21 

3.2.1 VR System Hardware and Software Design ........................................................... 21 

3.2.2 Virtual Environment and Rehabilitation Task Design ............................................ 21 

3.2.3 Participants .............................................................................................................. 24 

3.2.4 Procedures and Data Analysis ................................................................................ 24 

3.2.5 Outcome Measures and Statistics ........................................................................... 25 

3.3 Results ............................................................................................................................ 26 

3.4 Discussion ...................................................................................................................... 28 

3.5 Conclusion ...................................................................................................................... 30 

3.6 Acknowledgements ........................................................................................................ 30 

3.7 Supplementary Material ................................................................................................. 31 

Chapter 4 Feasibility of Predicting Upper Extremity Joint Angles using the Oculus Rift and 

Touch System with Biomechanical Modelling ............................................................................. 32 

4.1 Introduction .................................................................................................................... 33 

4.2 Methods .......................................................................................................................... 35 

4.2.1 VR Rehabilitation System....................................................................................... 35 

4.2.2 Experimental Setup ................................................................................................. 35 

4.2.3 Apparatus ................................................................................................................ 36 

4.2.4 VR Rehabilitation Tasks ......................................................................................... 36 

4.2.5 UE Biomechanical Model ....................................................................................... 38 

4.2.6 Oculus Model Development ................................................................................... 38 



vi 

 

 

 

4.2.7 Joint Angle Estimation ............................................................................................ 39 

4.2.8 Data Analysis .......................................................................................................... 39 

4.2.9 Outcome Measures and Statistics ........................................................................... 42 

4.3 Results ............................................................................................................................ 43 

4.3.1 Agreement Between Measured and Estimated Oculus Touch Position and 

Orientation ............................................................................................................................ 43 

4.3.2 UE Joint Angle Relations with Measured Oculus Touch DOF .............................. 46 

4.4 Discussion ...................................................................................................................... 49 

4.5 Conclusion ...................................................................................................................... 52 

4.6 Acknowledgements ........................................................................................................ 53 

Chapter 5 Conclusions and Recommendations ....................................................................... 54 

5.1 VR Rehabilitation System Design.................................................................................. 54 

5.2 Predicting UE Joint Angles with the VR System ........................................................... 55 

5.3 Recommendations .......................................................................................................... 56 

References ..................................................................................................................................... 57 

Appendices .................................................................................................................................... 64 

Appendix A: Additional VR ADLs Developed ............................................................................ 64 

Appendix B: Subject-Specific Results for Chapter 3 ................................................................... 66 

Appendix C: Oculus Measured Data Comparison with Vicon Marker Trajectories .................... 67 

Appendix D: Orientation Agreement Between Oculus Measured and Estimated Data  .............. 70 

Appendix E: Pearson Correlation Coefficients ............................................................................. 71 

Appendix C: Ethics Review Board Approval and Consent Forms ............................................... 74 

 

 



vii 

 

 

 

LIST OF TABLES  

Table 3.1: Description of the Functionality and Setup  ................................................................ 22 

Table 4.1: Mean and Standard Deviation of Participant Characteristics ...................................... 37 

Table 4.2: Description of the Virtual Reality System Tasks ........................................................ 37 

Table 4.3: Mean of Agreement of Hand Position between Measurement Systems ...................... 45 

Table 4.4: Statistically Significant Pearson Correlation Coefficients  ......................................... 48 

Table 5.1: Description of the Functionality and Setup of Additional Rehabilitation Tasks  ........ 65 

Table 5.2: Description of the Additional Rehabilitation Tasks .................................................... 65 

Table 5.3: Mean and Standard Deviation of Hand Displacement  ............................................... 66 

Table 5.4: Mean Agreement of Hand Displacement  ................................................................... 68 

Table 5.5: Mean Agreement of Oculus Touch Orientation  ......................................................... 70 

Table 5.6: Pearson Correlation Coefficients During Rolling Dough ............................................ 71 

Table 5.7: Pearson Correlation Coefficients During Biceps Curl................................................. 72 

Table 5.8: Pearson Correlation Coefficients During Plate Stacking............................................. 73 

  



viii 

 

 

 

LIST OF FIGURES 

Figure 2.1: Oculus Rift head mounted display . ........................................................................... 11 

Figure 2.2: First person view of the right and left Oculus Touch controllers . ............................. 12 

Figure 2.3: Example virtual reality system designed to prompt motion in desired directions . ... 13 

Figure 2.4: Examples of virtual reality rehabilitation task designs . ............................................ 14 

Figure 2.5: First person view of the previous virtual reality rehabilitation system tasks . ........... 16 

Figure 3.1: Diagram of virtual reality rehabilitation system task setup . ...................................... 23 

Figure 3.2: Mean and standard deviation of percentage of hand displacement . .......................... 26 

Figure 3.3: Mean hand displacement exceeding the minimum target distance . .......................... 27 

Figure 3.4: Mean hand displacement during repetitions 1 through 10 . ....................................... 27 

Figure 3.5: Percentage of mean hand displacement exceeding the minimum target distance . .... 29 

Figure 3.6: Back view of retroreflective markers placed on a biomechanical model . ................. 31 

Figure 3.7: Diagram of a sample cycle selection for one subject completing 10 repetitions . ..... 31 

Figure 4.1:Experimental setup diagram . ...................................................................................... 36 

Figure 4.2: Diagram of a sample cycle selection for one trial at a common even . ...................... 40 

Figure 4.3: Flow chart of experimental methodology. ................................................................. 41 

Figure 4.4: Mean position of the Oculus Touch in each direction ............................................... 44 

Figure 4.5: Bland-Altman plots of the hand displacement in each direction . .............................. 45 

Figure 4.6: Mean agreement between the measured and estimated Oculus Touch position. ....... 46 

Figure 4.7: Scatterplot of the Oculus Touch degrees of freedom and joint angles . ..................... 47 

Figure 5.1: Isometric view diagram of the task setup . ................................................................. 64 

Figure 5.2: Mean position of the Oculus Touch in each direction ............................................... 67 

Figure 5.3: Bland-Altman plots of hand displacement in each direction . ................................... 69 

  



ix 

 

 

 

LIST OF ABBREVIATIONS 

ADL Activities of Daily Living 

ANOVA Analysis of Variance 

AP Anterior-Posterior  

AO Action Observation 

DOF Degrees of Freedom 

HMD Head Mounted Display 

IMU Inertial Measurement Unit 

ISB International Society of Biomechanics  

LOA Limits of Agreement 

ML Medial-Lateral 

MI Motor Imagery 

MNS Mirror Neuron System 

RMSE Root Mean Square Error 

ROM Range of Motion 

RTT Repetitive Task Training 



x 

 

 

 

SD Standard Deviation 

SI Superior-Inferior  

TMT Traditional Mirror Therapy 

UE Upper Extremity 

VR Virtual Reality 

 

 

  

  

  

  

  

  

 

  



 

 

1 

 

Chapter 1 Introduction 

1.1 Motivation 

Stroke is a neurological condition that is the leading cause of disability and third leading 

cause of death in Canada due to the resulting motor and cognitive impairments [1]. The most 

prevalent motor impairment affecting approximately 85% of stroke patients is upper extremity 

(UE) hemiparesis, in which the right or left limb is either partially or completely paralyzed [2]. 

The estimated cost associated with stroke in Canada is $50 000 CAD for each patient following 

the first six months after a stroke, where 80% is covered by the health care system [1]. Associated 

costs include hospitalization, diagnostic and rehabilitation tools, and in-home accessibility 

equipment due to the high prevalence of UE hemiplegia [1]. Approximately 10% of stroke patients 

ever attain complete recovery of UE function, which is partially attributed to the lack of engaging 

and effective rehabilitation methods combined with the complexity of UE motor learning 

mechanisms [3].  

Motor function recovery typically occurs during a period that exceeds the average length of 

stay as an in-patient [4],[5]. Consequently, 90% of stroke patients must continue rehabilitation as 

an out-patient, either by attending an out-patient rehabilitation program or completing a home 

rehabilitation program [6]. Global studies have found only 9% to 44% of stroke patients attend 

these programs as they are often not motivating or inaccessible [6]. Consequently, motor learning 

mechanisms designed into rehabilitation methods effective for both in-patient programs and 

telerehabilitation is hypothesized to improve patient outcomes and their ability to independently 

complete activities of daily living (ADL) long term.  

Virtual reality (VR) is an emerging method of neurorehabilitation primarily due to the ability 

to design highly engaging custom activities, but few clinical trials have found its use to 

significantly enhance functional outcomes of stroke patients in comparison to traditional 

rehabilitation methods [7], [8]. The limited number of VR rehabilitation system designs that 

include motor learning mechanisms effective in traditional rehabilitation [9], [10] is one limitation 

affecting motor function recovery results during clinical trials. Another limitation impacting these 

results is the common methods of quantifying motor function improvement following an in-patient 

stay. 

Functional tests that measure changes in motor function are typically performed prior to and 

upon exiting in-patient rehabilitation programs to determine if patients experienced a significant 

improvement. Standard tests include the Chedoke Arm and Hand Activity Inventory [11], [12] and 

the Chedoke McMaster Stroke Assessment [13] used in Canada, and the UE Fugl-Meyer 

Assessment [14] used in the United States, where function is evaluated based on a total score from 
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a Likert scale. Changes in motor function would be considered significant if the patient’s motor 

function is evaluated as an improved level on the Likert scale compared to their evaluation before 

rehabilitation. The Fugl-Meyer assessment has been found to accurately classify UE motor 

function abilities into mild, moderate, and severe categories compared to participants’ measured 

UE joint range of motion (ROM) during simple reaching tasks [15]. However, these assessments 

are subjective, which means that the quality of patient outcome measurements is highly dependent 

on the discretion of the assessment administrator.  

Change in UE joint range of motion (ROM) is a method to quantify small improvements in 

motor function. ROM of the shoulder, elbow, and wrist have been measured statically and 

independently using goniometers [16]-[17] and traditional motion capture systems [18] to 

determine if a significant change in motor skills resulted from rehabilitation. Although static ROM 

is beneficial to completing ADLs independently, the ROM of each joint functioning synergistically 

with one another is a more accurate measure of motor function improvements. Measuring ROM 

during rehabilitation sessions would provide information as to when patients begin to experience 

significant functional improvements or if adaptive behaviors arise during task completion. It is 

typically not feasible to measure joint angles with a traditional motion capture system during each 

rehabilitation session due to the time-consuming set-up process and data processing. Feasibility is 

further hindered due to the high cost and space requirements of these systems.  

Inexpensive camera systems including commercial VR hardware systems have been used to 

collect UE joint angles during rehabilitation, but these systems produce large errors when 

compared to traditional motion capture systems [19]. The advancements in VR technology to 

include inertial measurement units (IMUs) within head mounted displays (HMD) and hand-held 

controllers have expanded the potential of these systems to capture human kinematic data during 

rehabilitation sessions as a potential method of quantifying changes in motor function during both 

in-patient and home rehabilitation programs. 
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1.2 Objectives and Contributions 

The purpose of this work was twofold: i) to design and evaluate a custom VR system 

composed of three tasks to rehabilitate UE motor function using an Oculus Rift and Touch System; 

and ii) to investigate the feasibility of estimating UE joint angles with the Oculus Touch measured 

pose with a developed biomechanical model during these three custom rehabilitation tasks. Two 

studies were obtained from a single experiment conducted to meet these objectives, which are 

outlined including their primary contributions below:  

1.2.1 Design and Evaluation of Virtual Reality Repetitive Task Training of Activities of 

Daily Living for Upper Extremity Rehabilitation: A Healthy Pilot Participant Study 

A custom VR rehabilitation system with three ADLs was designed to stimulate motor 

learning mechanisms of real-world tasks. The purpose of this study was to evaluate the custom VR 

system design for its ability to prompt hand displacement primarily in specifically designed spatial 

directions, a minimum hand displacement, and consistent hand displacement across repetitions, 

during repetitive task training (RTT).  

This study is one of few to evaluate a VR rehabilitation system design for its ability to 

guide desired motion. The VR rehabilitation design features presented in this work can be 

implemented to future VR rehabilitation systems to guide patient movement as desired. This study 

has been presented in Chapter 3 as a manuscript that will be submitted to Computer Methods and 

Programs in Biomedicine. 

1.2.2 Feasibility of Predicting Upper Extremity Joint Angles using the Oculus Rift and 

Touch System with Biomechanical Modelling  

A custom biomechanical model was designed to estimate UE joint angles and the Oculus 

Touch pose during dynamic motion. The purpose of this study was to: i) evaluate the accuracy of 

the Oculus Touch’s position and orientation measurements compared to the model estimates in 

three spatial directions and about three axes; and ii) determine if linear relationships exist between 

the Oculus Touch measured pose and UE joint angles during motion prompted by each custom 

VR rehabilitation task.   

To the author’s knowledge, this is the first study to compare the accuracy of the Oculus 

Touch position and orientation measurements to a gold standard motion capture system. This was 

the second study to measure human motion with positional data and first study to measure human 

motion with the orientation measured by the Oculus Touch controller. 
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1.3 Thesis Organization 

This thesis is composed of five chapters. A literature review of stroke and current 

rehabilitation methods for associated UE motor function are outlined in Chapter 2. Chapter 3 and 

4 each include one study composed of an introduction, methodology, results, and discussion to 

address objectives 1.2.1, and 1.2.2, respectively. Conclusions, recommendations, and future works 

from these studies are discussed in Chapter 5.  
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Chapter 2       Literature Review 

This literature review provides an analysis of stroke, factors affecting rehabilitation, 

traditional rehabilitation methods. Previous VR rehabilitation device development and the 

corresponding clinical trials outcomes for upper extremity motor function recovery of hemiplegic 

stroke patients are also discussed.  

2.1 Stroke and Factors Affecting Rehabilitation 

Stroke is the leading cause of disability in Canadian adults, with a new stroke occurring 

every 10 minutes. The most common definition of stroke outlined by the World Health 

Organization, is "rapidly developing clinical signs of focal (or global) disturbance of cerebral 

function, with symptoms lasting 24 hours or longer or leading to death, with no apparent cause 

other than of vascular origin” [20] [21]. There are two primary types of stroke, which are 

categorized based on their vascular mechanism of injury. Both mechanisms ultimately result in the 

damage or death of brain cells, which are primarily neurons that compose the central nervous 

system and the brain. Almost 90% of all strokes are ischemic: the result of a blockage in one of 

the arteries leading to the brain. The second mechanism of injury is a result of either a partial or 

complete rupture of one of these arteries, defined as hemorrhagic stroke. Although both cause 

death or damage of neurons, the differing mechanisms of injury can have an effect on the level of 

overall damage that is done to the brain, and in turn, on the level of functional and/or cognitive 

deficit the patient experiences. It is important to consider these factors as they have an effect on 

rehabilitation outcomes of the patient [22].  

 

Damaged neurons due to the interference of blood flow in the brain impact both motor 

function and cognitive function. Motor function encompasses the ability to coordinate muscle 

strength, muscle synergy, active range of motion, and joint coordination to complete an action 

such as ADLs [23]. There are many types of motor impairments, but the most prevalent among 

stroke patients is upper extremity hemiparesis, in which the right or left limb is either partially or 

completely paralyzed. This deficit affects approximately 85% of stroke patients. Upper extremity 

function is the most critical to complete ADLs independently [2]. Of the six ADL - eating, bathing, 

dressing, toileting, transferring, and maintaining continence - the upper extremity is involved in 

five of these activities, whereas the lower extremity is only involved in two of these activities [24]. 

Furthermore, the motions of the upper extremity are much more complex than those of the lower 

extremity due to the increased number of degrees of freedom (DOF). There are 34 DOF for the 

upper extremity including the arm and hand required for manipulating objects for ADLs [25] , and 

only six DOF for the lower extremity required for walking [26]. It is uncommon that a patient 
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experiences strictly one type of deficit; patients usually experience a combination of both motor 

and cognitive impairments that are dependent on one another [27]. 

 

Of the various cognitive deficits, ranging from mild cognitive deficit to severe dementia, 

five impairments to the following cognitive functions are most prevalent among stroke patients: 

attention, executive function, visuospatial ability, language, and memory [27]. These deficits affect 

approximately 70% of stroke patients [28]. Moreover, these deficits are complexly interrelated. 

For example, attention and visuospatial ability are required for executive function, which is a 

combination of neurological and psychological preparation to complete motor functions [27]. This 

means that these cognitive deficits must collectively be rehabilitated for motor function execution, 

and helps provide an explanation as to why cognitive deficits have an effect on upper extremity 

motor function recovery [28]. 

 

In addition to the mechanism of injury, the number of lesions as well as their size and 

location in the brain have an effect on the level of impairment the patient experiences. These 

factors are diagnosed by the combination of radiographs, such as MRI or CT scans, functional 

tests, symptoms, and patient medical history. This is critical in the early stages of stroke in order 

to optimize the rehabilitation plan for each patient, and confirm a stroke diagnosis as opposed to 

another condition with similar symptoms to a stroke [21]. Although ischemic strokes are much 

more common, the mortality rate for those with hemorrhagic stroke is much greater. One study 

conducted to compare risk factors between each stroke type experienced almost a 50% mortality 

rate for the hemorrhagic stroke patients before the follow-up appointment compared to only a 26% 

mortality rate for the ischemic stroke patients. It was proposed that this may have been a result of 

hemorrhagic stroke patients experiencing, on average, greater lesion sizes than ischemic patients 

according to the radiographs. Increased lesion size indicates greater neural damage and greater 

cognitive and/or functional deficits, and in turn, require more extensive rehabilitation [22]. 

 

Another factor that affects the level of impairment experienced by stroke patients is the 

length of time since stroke onset. A patient is in the acute phase until 2 weeks following stroke 

onset. If the patient experiences consistent symptoms without improvement within 3 to 6 months, 

the disease is considered to be transforming into the chronic stroke stage [29]. Studies have found 

that patients in the acute stage respond more quickly to rehabilitation than those in the chronic 

stage. One reason for this is that many chronic patients learn adaptive mechanisms to function 

around their disability, in addition to the healthy brain hemisphere beginning to compensate for 

the neurological functions of the damaged one. This increases the imbalance in the patient's brain, 

which makes it more difficult to rehabilitate both cognitive and functional deficits [3]. Some of 

these patients also acquire learned paralysis, also known as the nonuse phenomenon, in which the 

disuse of their limb over such time has resulted in the patient to intentionally not move the affected 

limb - leaving it permanently paralyzed [30]. This adds another layer to rehabilitation as these 
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adaptive behaviors must be identified in order for the patient to retrain their limb to function as 

prior to impairment, as well as working to balance the neurological functions of both brain 

hemispheres [3], [30]. 

2.2 Traditional Stroke Rehabilitation Methods  

There are a variety of traditional rehabilitation methods used for stroke patients - physical 

therapy and cognitive therapy - each having a different purpose. The rehabilitation methods each 

patient receives are usually based on their specific needs and degree of functional and cognitive 

deficit [21], [31]. 

2.2.1 Physical Therapy 

Physical therapy is a term for a wide range of activities including functional and strength 

training to allow patients to complete ADLs independently. It is an effective method for 

rehabilitating motor function of both the upper and lower extremity, in limbs that already have 

partial functionality [23]. Examples of strength training activities include either weighted or non-

weighted bicep curls, wrist curls, and knee extensions [31]. Studies have found that there is a 

threshold at which increasing strength training does not improve the patient's ability to complete 

ADLs. Functional training is used to retrain stroke patients to learn the specific motions required 

of ADLs, which has been shown to be more effective for this purpose as opposed to strictly strength 

training. Patients develop a motion to complete a specific task through repetitive completion, 

defined as repetitive task training (RTT). This allows patients to improve their ability to complete 

the practiced task and transfer the motion learned to other similar ADLs [32]. Examples of 

activities during functional training are: opening jars, learning to vacuum the floor, wash dishes, 

and activities involved in cooking. Unfortunately, physical therapy is not an effective method for 

patients with severe or complete hemiparesis, as well as patients' cognitive deficits [23]. Therefore, 

another method of rehabilitation is required for these patients. 

2.2.2 Cognitive Therapy 

Cognitive therapy is used to rehabilitate the five most common cognitive deficits of: 

attention, executive function, visuospatial ability, language, and memory, as well as behavioral 

deficits and associated mental health issues following a stroke [27]. There are a few types of 

cognitive therapies used for stroke patients depending on each patient's needs, such as cognitive 

behavioral therapy, speech therapy, and music therapy. The downside to these rehabilitation 

methods is that they require sufficient attention, memory, and motivation for the patient to 

experience an improvement. For patients who have attention and memory deficits as well as 

patients who lack motivation, another method of therapy would be more beneficial [33]. 
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2.2.3 Traditional Mirror Therapy and the Mirror Neuron Theory 

Traditional mirror therapy (TMT) is a combination of both physical and cognitive training 

to rehabilitate motor function for those with severe hemiparesis when other traditional methods 

alone are ineffective. Patients place their paretic limb inside a box covered with a mirror on the 

outside. When the patient moves their healthy arm to complete functional tasks while looking in 

the mirror, it will appear that both limbs are moving symmetrically [34]. Over time, stroke patients 

regain motor function in their paretic limb. TMT has resulted in significant motor function 

improvements to those receiving physical therapy based on functional test scores [34]. In the past, 

it has been believed that this was a result of neuroplasticity - new neurons forming around the dead 

and damaged ones, developing new neural pathways to regain motor function - but the mechanism 

behind this theory was unknown. Recent studies, however, have investigated the role of mirror 

neuron system (MNS) in motor function rehabilitation during mirror therapy [35],[36]. 

The MNS are specific neurons in the brain that are believed to be stimulated not only when 

completing an action, but when observing an action being completed as well, defined as the theory 

of action observation (AO) [37], [38]. When witnessing this action, the MNS codes both the action 

and the intention of the action. It is believed that repetitively stimulating the MNS results in 

neuroplastic changes that allow the patient to mimic both the motion and the intention of the action, 

resulting in upper extremity motor function recovery over time. An example of this is repetitively 

witnessing the motion of lifting a glass of water with the intention of drinking it, and eventually 

being able to pick up a glass of water and drink from it [38], [39]. During mirror therapy, it is 

believed that the patient's MNS is stimulated by observing the reflection of their healthy limb 

moving, which appears to be their paretic limb completing the action [36]. Mancuso et al [40] 

conducted a study in which patients received AO therapy where they watched videos displaying a 

first person view of ADLs being completed repetitively by others for 30 minutes each day, 5 days 

per week for 4 weeks. After viewing the video for 3 minutes, participants were asked to repetitively 

complete the activity viewed for 2 minutes. This cycle of watching the video and practicing the 

activity was completed repetitively during each 30 minute therapy session. Patients receiving this 

AO therapy experienced a significant motor function improvement based on Fugl-Meyer 

functional test scores compared to those completing RTT of the same ADLs with the same objects 

without watching the videos [41]. 

It is important to note that the MNS is only stimulated when the actions are goal - directed 

and the body end effector, such as a hand, makes contact with an object [37], [38]. Due to the 

limitations of possible movements that the healthy limb can perform while projecting the reflection 

on to the mirror, many of the mirror therapy activities are redundant and lack a functional purpose. 

Moreover, due to the limitation of the mirror, not every task involves the patient making contact 

with an object. As a result, patients lose interest in these disengaging tasks, and the actions don't 
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always stimulate the MNS [30]. Stimulating the MNS through AO may be an effective mechanism 

of motor learning as it primes the brain before therapy as a warm up to increase the speed in which 

neuroplastic changes occur [42]. A possible reason for this is that the MNS is found in the region 

of the brain that is responsible for visuospatial transformation. One of the components of 

visuospatial transformation is the cognitive preparation for the intention a motion, defined as 

motion imagery (MI). There are two methods of MI, people either imagine the motion they will 

complete in a third person perspective, or imagine the feeling of the motion in a first person 

perspective. It is important to stimulate both MI methods during rehabilitation to accommodate for 

patients who use only one of the two methods [38]. 

Studies have found that MI is one of the mechanisms behind regaining motor function 

following both true hemiparesis in acute and chronic stroke patients, as well as the nonuse 

phenomenon prevalent in just chronic stroke patients [38]. This could be beneficial to incorporate 

in future rehabilitation devices to increase the target patient demographic by meeting the needs of 

both acute and chronic stroke patients. Interestingly, studies have found relationships between 

MNS stimulation and many cognitive functions. It has been found that the same neurons are 

activated during complex lip and tongue movements as complex hand gestures. It is believed that 

this is one of the ways in which language formed from an evolutionary standpoint, as well as being 

learned by each person. This means that stimulating the MNS through complex hand motions, the 

patient is receiving cognitive therapy focused on language as well [30]. Moreover, there are 

neurons within the MNS classified as audio-visual neurons, that are stimulated when hearing 

sounds associated with hand and mouth actions such as breaking food or chewing, without 

observing the action. These findings help provide an explanation as to why functional deficits and 

cognitive deficits are usually coupled in patients, in addition to having an effect on the 

rehabilitation outcomes of one another [38]. However, mirror therapy is often not engaging enough 

for patients to be motivated to complete at-home rehabilitation programs. It may not be feasible 

for patients to attend rehabilitation centres for therapy and these patients may not be able to afford 

to hire a home occupational therapist. Many patients lose motivation to complete rehabilitation 

exercises on their own and eventually give up, leaving their functional deficit stagnant [6]. 

Consequently, developing engaging rehabilitation methods that include the motor learning 

mechanisms of mirror therapy into engaging at-home rehabilitation systems could improve patient 

outcomes. 

2.3 Virtual Reality Therapy 

Virtual Reality (VR) is defined as “computer-generated, interactive and highly vivid 

environments that enable the user to achieve a state of immersion through the ultimate experience 

of telepresence, and facilitate engagements in  human encounters that are multi-sensorial, dynamic 

and resemble the user’s perception and understanding of the real world [43].” These highly 
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customizable systems are designed both to allow the user to directly manipulate the virtual 

environment and to use the virtual environment to guide the actions of the user, which can be 

beneficial for many healthcare applications. VR systems have been implemented in healthcare 

facilities allow patients undergoing chemotherapy to relax in a variety of virtual environments that 

simulate real-world environments such as a cottage. The purpose of those systems were to help 

patients feel less distressed during treatment, however, there are many other applications for VR 

systems in healthcare as well.  

Another commonly researched healthcare application of VR systems are their use as an 

alternative rehabilitation method for cognitive and motor impairments following stroke, cerebral 

palsy, and Parkinson’s Disease [28]. These systems are typically designed to simulate the 

completion of functional tasks within virtual environments. One reason why this field of medical 

research is growing in popularity is that VR rehabilitation systems have been found to increase 

participant motivation, immersion, and enjoyment of tasks compared to traditional rehabilitation 

[44], which are critical factors to promote continued rehabilitation as an out-patient. Aspects of 

traditional rehabilitation such as repetition counting can be automated by VR rehabilitation 

systems [45] as well as provide methods of quantifying patient improvements through the 

collection of kinematic data [10]. Another benefit to VR rehabilitation systems is that the task 

designs can be augmented to overcome patients’ ability to complete real world tasks for those with 

severe impairments that limit their ability to complete real-world tasks [9]. 

Although beneficial, these features of VR systems alone are not sufficient to warrant 

replacing traditional rehabilitation methods during both in-patient and out-patient programs due to 

their inconsistent effects on UE motor function recovery [16], [17], [46], [47]. The effects of VR 

systems on UE motor function are dependent on the specific hardware and software design of the 

VR system being evaluated, which should be considered when determining the feasibility of these 

systems to rehabilitation programs. 

2.3.1 VR Hardware and Software  

There are many hardware components commonly used in VR systems, which are consistently 

being improved to provide more realistic and immersive experiences, as well as making them more 

modular and inexpensive, increasing the feasibility of implementing these systems during in-

patient and out-patient programs [48]. Typically, VR systems are developed in commercial 

software such as Unity Game Engine (Unity Technologies, San Francisco, United States) [8], [10], 

[16], which is also used to integrate the hardware components with one another and with the task 

design. VR systems also typically include a hardware component to display the virtual 

environment as well as at least one hardware component to allow the user to interact with the 

environment. 
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HMDs and 2D screens have both been used to display virtual environments during VR 

rehabilitation. Recent versions of HMDs such as the Oculus Rift included in the Oculus Rift and 

Touch System (Figure 2.1), have been found to be a suitable display method for the stroke 

population [9] and did not cause motion sickness that was prevalent with early versions of HMDs. 

Some studies have also found increased presence and immersion within HMDs compared to virtual 

environments displayed on 2D screens [49], however, 2D screens have also been used in many 

VR rehabilitation systems (Figure 2.4.A) [8], [46]. One advantage of using HMDs as opposed to 

2D systems for stroke rehabilitation is that immersing the patient within the HMDs allows for the 

virtual environment to display natural avatar UE motion during task completion, while occluding 

the patient’s true UE function. This is especially beneficial for developing a TMT system to 

augment the virtual environment to display natural UE motion of the impaired limb while 

preventing the patient from viewing their limb’s motion in real life. However, eliminating the view 

of the patient’s arm places greater importance of the accuracy of UE motion displayed by the first 

person avatar than with a 2D system, which may pose challenges due to the 34 DOF of the UE 

including finger motion when grasping objects and the wide variety of possible UE motions that 

could be completed.  

 

Figure 2.1: Oculus Rift head mounted display included as part of the Oculus Rift and Touch System. 

A variety of hardware components have been used to allow for patient interaction within 

virtual environments. The Microsoft Kinect (Microsoft Corporation, Redmond, USA) is a camera-

RBG-D system that has been used to track patients’ real-world UE joint centers and joint angles 

during VR rehabilitation, based on Microsoft’s proprietary algorithm (Figure 2.4.A) [19]. This 

kinematic data is commonly used to translate the patient’s real-world UE pose to the avatar’s pose 

in the virtual environment [16], [17], [45]. Hand-held controllers such as the Oculus Touch (Figure 

2.2) are becoming a more common method to aid patient interaction with virtual environments as 

opposed to the Microsoft Kinect [10]. The right and left Oculus Touch each contain Oculus’ IMUs 

and proprietary constellation tracking system that collects kinematic data of the patient’s hand 

during VR rehabilitation [50]. Similar to the Kinect, these measurements have been used to display 
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avatar motion during VR rehabilitation [9], [10], as well as quantify patient hand position 

symmetry during bilateral task completion in a clinical trial [10]. The Oculus Touch include a 

variety of buttons, such as the grip button, which can be used to stimulate active engagement within 

the environment in addition to UE ROM by requiring to press and release these buttons. Another 

beneficial feature of the Oculus Touch is the ability to program the application of haptic feedback 

during task completion through the linear actuators within each Oculus Touch [50]. This would be 

beneficial to potentially increase patient presence and immersion within the virtual environment 

due to the increase in sensory stimulation.  

 

Figure 2.2: First person view of the right and left Oculus Touch controllers included as part of the Oculus Rift and 

Touch system. 

 

2.3.2 VR Rehabilitation Task Designs 

The ability to customize tasks and virtual environments through the system's software to 

meet specific needs of each patient is another benefit to VR rehabilitation. However, its critical to 

discuss the VR system task design features, including: the purpose of the tasks, avatar design, 

methods of object interaction, and application of haptic feedback, when considering the feasibility 

of these systems on motor function. 

Many VR rehabilitation tasks have been designed with the purpose of prompting a wide 

ROM of the UE to improve motor function in impaired limbs that still have partial function. 

Examples of these task designs include simulating the preparation of food (Figure 2.4.A) [16], 

playing sports [17], [18], [51], moving objects to targets [46], as well as abstract scenarios such as 

throwing food at another person [48]. However, many of these systems were only found to improve 

motor function when combined with traditional rehabilitation [16], [17], [46], [47]. Many of these 
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tasks did not guide desired motion, which has been found to result in 47% of participants 

developing minimized motions to complete the task [18]. Repetitively practicing minimized 

motions during VR rehabilitation will not transfer to motor function improvements in real life [52]. 

Similarly, a VR system designed to guide a wide ROM by displaying trajectories for the patient to 

move their hand along while completing RTT has been found to successfully improve motor 

function results based on functional test scores and kinematic measurements when combined with 

traditional rehabilitation [46]. This system prompted patients to grasp and move a real ball, disk, 

or glass, following the trajectories displayed on the screen (Figure 2.3). The trajectories were 

designed to prompt motion in specific directions that are common to ADLs such as elbow flexion 

to bring the hand to the mouth [46]. The downside to this system is that the tasks viewed had little 

functional significance, which would be disengaging over time. The results from these studies 

indicate that neurological mechanisms of rehabilitation are more complex than simply stimulating 

a wide ROM, guiding desired ROM may be beneficial as opposed to arbitrary ROM, and 

developing methods to guide ROM through the task design to maintain the functional purpose of 

each task may further improve VR rehabilitation.  

 

Figure 2.3: Example of a VR system designed to prompt motion in desired directions by displaying trajectories for 

the patient to move their hand along [46].  

Effects of VR rehabilitation on motor function could also be improved by combining the 

benefits of VR with the mechanisms of motor learning in traditional rehabilitation methods such 

as error augmentation or TMT. An error augmentation system has been developed by Shum et al 

[10] to improve the symmetry of the impaired and healthy limb in children with cerebral palsy 

during bimanual symmetrical forward reach tasks (Figure 2.4.B). The purpose of this system’s 

task was to prepare food while displaying an exaggerated asymmetry of the impaired limb to 

prompt a greater ROM of the impaired limb during task completion. During a single session 

experiment, the error augmentation system was successful in increasing hand symmetry in cerebral 

palsy children based on positional hand measurements in the anterior-posterior direction [10]. The 

results of this study indicate that desired motion can by guided through manipulation of virtual 

environment while maintaining functional task goals, which can be applied to other VR task 

designs and with other traditional rehabilitation methods such as TMT. 
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One of the primary benefits of TMT is its ability to rehabilitate those with complete 

hemiparesis, has also been integrated within VR rehabilitation task designs [8], [9]. A study 

published by Fuentes et al [8] developed a VR rehabilitation system that combined the benefits of 

VR with that of TMT - including MNS stimulation and MI - found significant improvement in 

upper extremity motor function during pilot testing of one chronic stroke patient with severe 

hemiparesis based on functional test scores. This system displayed a first person avatar completing 

an apple picking task with the patient’s impaired limb when an attempt to complete the task was 

registered according to muscle activity and eye contact (Figure 2.4.D). Conversely, another VR 

system designed according to TMT did not cause significant motor function improvements in 

stroke patients based on to functional test scores [9]. This system by Weber et al included a variety 

of tasks to be completed with the healthy limb in real-life and was displayed by the avatar of the 

patient’s impaired side (Figure 2.4.C). However, there were a few limitations of this system that 

may have negatively impacted patient motor function results. Rock stacking was one of the three 

tasks composing this system, which prompted patients to grasp and stack rocks until they fell over. 

This is not a task that has much significance to typical ADLs and also displayed an unnatural grasp 

pose by the avatar while holding the rock [9]. Repetitively viewing this unnatural hand pose will 

likely not transfer to real world task completion, providing an explanation for this study’s 

unsuccessful results. Moreover, the lack of haptic feedback applied to stimulate the impaired limb 

could have been another limiting factor of this system’s effects on motor function recovery.  

 

Figure 2.4: Examples of VR rehabilitation task designs including: A) a 2D system using the Microsoft Kinect [16]; 

B) an error augmentation system using the Oculus Rift and Touch System [10]; C) a mirror therapy system using the 

Oculus Rift and Touch System [9]; and D) a combined mirror therapy system displayed on a 2D screen [8].  
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2.3.3 A Virtual Reality Rehabilitation System Developed at the University of Guelph 

The Robotics Institute, School of Engineering, University of Guelph, has been developing a 

VR rehabilitation system in partnership with the Hamilton Health Sciences Center [45]. The goal 

of this system’s task design was to include motor learning mechanisms involved in TMT with 

custom virtual ADLs. A phase III randomized controlled trial was conducted on 7 stroke in-

patients with UE hemiparesis at the Hamilton Health Sciences Center in 2016-2017 to evaluate the 

effects of this previous version of the VR system on motor function compared to TMT. Based on 

the Chedoke McMaster Arm and Hand Inventory and Chedoke McMaster Stroke Assessment 

functional test scores, this study found no significant differences in motor function improvements 

between the experimental and control groups [45]. These results indicate that there are more 

mechanisms of motor learning than simply engaging visual stimulation of bilateral movement 

during functional unilateral tasks. However, there were many design features of this previous 

version of the VR system that may have limited its success, which were improved upon through 

the work presented in this thesis. 

 This previous VR system included an Oculus Rift Consumer Version 1 system with three 

Oculus Sensors, a Microsoft Kinect, and a Leap Motion Controller (LMC; Leap Motion Inc., San 

Francisco, CA), all interfaced on a PC computer and developed in Unity Game Engine. The 

Microsoft Kinect tracked the participant’s real-world UE joint angles, which was used to display 

the avatar’s UE pose during task completion. Similar to the Kinect, the Leap Motion Controller 

was used to measure and display the patient’s real-world finger motion by the avatar in the virtual 

environment [45]. Although the Kinect has been used during many other VR rehabilitation clinical 

trials [16],[12],[31], it posed many limitations in terms of ease of use of the system, accuracy of 

the recorded movement, and providing clinically relevant joint angles [19]. The Kinect frequently 

experienced interference from the surroundings, resulting in unnatural movements of the patient's 

arms to be displayed in the virtual environment. Moreover, the Kinect and the patient needed to 

remain in the same position during the entire therapy session or else the system would lose its 

calibration and the physiotherapist would have to pause the rehabilitation session to recalibrate the 

system. Due to this frequent interference, the Kinect would not function as expected if a 

physiotherapist sat in the Kinect's field of view, which prevented physiotherapists from adjusting 

the patient during therapy for comfort and desired posture. As a result of the frequent interference 

of the Kinect, UE joint angles measured during the clinical trial conducted with this previous VR 

system version were not analyzed post-trial [45].  

The ability of the VR system to work synergistic with the physiotherapist to provide their 

specific training and expertise to each patient is extremely important for physiotherapists to accept 

this device as part of their therapy routines, based on feedback from physiotherapists at the 

Hamilton Health Sciences Center. Replacing the Microsoft Kinect with the Oculus Rift and Touch 
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System has the potential to improve these previously experienced tracking issues experienced due 

to the IMU systems within each hardware component as well as provide a solution to estimate UE 

joint angles during rehabilitation, ultimately increasing the VR system’s chances to be suited for 

in-patient and out-patient rehabilitation programs. 

TMT was emulated in the previous version of the VR system’s task design by requiring motion 

only of the healthy limb, which was measured and used to display both of the avatar’s arms moving 

bilaterally symmetrically in the virtual environment. The previous VR system was composed of 

five virtual ADLs where each activity prompted the patient to either move their hand between 

targets, or grasp and move a different virtual object between targets for as many repetitions as the 

patient can complete within 3 minutes (Figure 2.5). These VR tasks were rolling dough, stacking 

plates, and clapping hands in a virtual kitchen environment; biceps curl in a virtual gym 

environment; and hanging laundry on a rack in a virtual backyard environment. These tasks were 

designed in partnership with physiotherapists to mimic common UE motions involved in many 

ADLs in desired primary directions of motion. Each task included three levels of difficulty (easy, 

medium, and hard), where each level required increasing ROM to complete the repetition with the 

virtual object to optimize patient recovery and engagement with the activities [45].  

 

Figure 2.5: First person view captured by a single subject completing the previous VR rehabilitation system tasks, 

including A) rolling dough, C) hanging clothes, and B) and D) of clapping hands. Avatar hands did not assume a 

natural grasp pose for each object. Approximate forearm angle of neutral pronation/supination was displayed for all 

tasks despite the true forearm angle required to complete these tasks in real life [45].  
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Although the VR system was designed to emulate some features of TMT, not all of these task 

designs met the requirements of the MNS and AO theories, which are some of the underlying 

motor learning mechanisms involved in TMT. First, not all tasks had a functional purpose to be 

completed repetitively [45], which is a critical component of both the MNS and AO theories [37], 

[38]. Although prompting motion primarily in the medial-lateral direction is critical for real-world 

ADLs completion, sitting in a kitchen and displaying clapping hands (Figure 2.5.B,D) has little 

functional significance to real-world task completion. Second, in order for the MNS to be 

stimulated, contact must be made with an object [37], [38]. However, not all tasks required making 

contact with a virtual object, and the patient’s real-world hand was not provided with stimulation 

of grasping an object either through haptic feedback or making contact with a real object. Third, 

unnatural hand poses while grasping the virtual objects were displayed by the avatar [45]. During 

rolling dough (Figure 2.5.A), the hands are grasped above the rolling pin in a forearm pose of 

neutral pronation/supination, whereas this task requires pronation to complete in real life. During 

hanging clothes (Figure 2.5.C), the hands appear to be crossing through the virtual clothes and the 

hanging rack, and do not display a natural hand pose while grasping the virtual clothes. This means 

that repetitively viewing these unnatural hand poses will not aid the participant in learning how to 

grasp real-world object, and therefore inhibiting skill acquisition transfer from VR to real-world 

tasks, which is another criteria of AO. These limitations could be reasons why one participant 

receiving therapy from this version of the VR system did not experience significant motor function 

improvements when comparing their functional test scores prior to and upon exiting the clinical 

trial [45]. Improving or re-designing these tasks to ensure the criteria of the MNS and AO theories 

are met has the potential to result in significant motor function improvements compared to TMT 

in hemiplegic stroke patients.  

Another limitation of this pervious version of the VR system’s design was the lack of diversity 

in the avatar design. Only one option was available to all participants, which was the Caucasian 

young adult male avatar (Figure 2.5) [45]. Given that the intended users are elderly patients of a 

variety of races and genders, this avatar may not have prompted feelings of ownership of the avatar 

arms by the patient if the avatar arms deviated significantly from the physical characteristics of 

each participant during the clinical trial. If the arms are not accepted by the participant, this may 

impact immersion, engagement, and motion completed by the participant [53], [54], which would 

negatively impact the effects of the VR system on motor function improvements. Consequently, 

including an avatar that matches the physical characteristics of each participant [9] or including a 

neutral human-like avatar [10],[53], that displays both natural UE and hand pose could further 

improve this previous version of the VR system. 

Although the VR rehabilitation system had been evaluated for its effects on motor function in 

a clinical trial, the motions that the system prompted patients to complete was not evaluated [45], 

which could be another factor affecting its success. Considering the inaccurate measurements of 
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the Kinect, it may have possible for patients to develop compensatory motions to complete the 

task similar to the findings of other VR rehabilitation systems [18]. Therefore, ensuring that 

healthy participants perform the VR tasks as designed prior to conducting another clinical trial 

could be beneficial to ensuring that the motions performed in VR will transfer to real-world ADLs 

completion.  
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Chapter 3       Design and Evaluation of Virtual Reality Repetitive 

Task Training of Activities of Daily Living for Upper Extremity 

Rehabilitation: A Healthy Participant Pilot Study 

Steph A. Hughes, Scott C.E. Brandon, Karen Gordon, Rawad Alkallas, Hussein Abdullah 

School of Engineering, University of Guelph, Guelph, Ontario, Canada 

Abstract 

Background and Objectives: Virtual reality (VR) systems are a promising rehabilitation method 

for upper extremity (UE) motor function to overcome limitations of real-world tasks. This study 

presents the development of a custom VR rehabilitation system with three activities of daily living 

(ADLs) designed to stimulate motor learning mechanisms of real-world tasks. The VR system was 

evaluated for its ability to prompt hand displacement primarily in varying desired spatial 

directions, a minimum hand displacement, and consistent hand displacement across repetitions 

during repetitive task training (RTT).  

Methods: Each VR task prompted repetitive translation of a virtual object between targets to 

complete the task goal. Motor learning mechanisms of action observation and nested redundancy 

were included through the task purpose, object interaction, and avatar designs. Six healthy 

participants (ages 21-24) completed 10 sequential repetitions of each VR task, while hand position 

was measured by an optoelectronic motion capture system. Hand displacement was quantified by 

the Euclidean distance between hand position at the start and end of each reach phase. 

Results: Each task prompted significantly greater hand displacement in the desired directions than 

the other directions (p < 0.05). Hand displacement significantly exceeded the minimum target 

distance. There was no significant change in mean hand displacement with increasing repetitions 

(p > 0.05).  

Conclusions: The combination of features composing the VR system’s design are an effective 

method to guide desired motion while maintaining functional task goals. Further investigation of 

this system’s effects on stroke patients would aid the understanding of these design features for 

rehabilitation. 

Keywords: virtual reality rehabilitation, upper extremity, motor function, activities of daily living, 

repetitive task training 

Statement of Contributions: Improvements to conceptual VR system design, VR software 

design, study design, data collection, data processing and analysis were completed by Steph 

Hughes, and written by Steph Hughes. 
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3.1 Introduction 

Virtual reality (VR) is a popular field of biomedical research for its potential applications in 

neurorehabilitation. A commonly researched application is motor function rehabilitation for upper 

extremity (UE) hemiplegia caused by stroke and cerebral palsy. However, VR systems have not 

yet been widely accepted as part of in-patient rehabilitation programs due to their inconsistent 

effects on motor function recovery. When combined with traditional therapy, VR rehabilitation 

has resulted in enhanced motor function improvements compared to traditional therapy alone [16], 

[17], [46], [47] but few studies have found VR rehabilitation alone to significantly improve motor 

function compared to traditional therapy [7]. Lack of success during VR rehabilitation may be due 

to i) complexity of motor learning [32], ii) limited consideration of motor learning mechanisms in 

existing VR rehabilitation system designs [8]–[10], and iii) prevalence of simplistic VR tasks that 

lack the functional significance required to promote skill acquisition transfer to real-world 

activities of daily living (ADLs) [52].  

Motor learning is often achieved via repetitive practice of goal-directed motor tasks such as 

ADLs; this process is called repetitive task training (RTT). Skill acquisition to develop a 

movement strategy for task completion occurs through neurological processes involving the 

central and peripheral nervous systems [32], which are impacted by many mechanisms. First, each 

task must have a functional purpose to be completed repetitively. Goal-oriented VR rehabilitation 

tasks completed by chronic stroke patients prompted increased involuntary contractions of the 

impaired limb compared to tasks guiding basic range of motion (ROM) of each UE joint [9]. This 

is further supported by the theory of action observation [38], where repetitively witnessing the 

completion of goal-directed tasks involving the manipulation of objects, has resulted in significant 

motor function improvements compared to physical therapy alone [41]. Second, object 

manipulation must be included in VR rehabilitation to elicit motor learning, as action observation 

is only effective when witnessing the execution of the specific task with the same biological end 

effector [37]. Third, nested redundancy - where there are more variables required to execute the 

task than the number that define the task result, and there are an infinite number of correct solutions 

- is a critical component to movement strategy development during ADLs [52]. Within the context 

of repetitive task VR rehabilitation, nested redundancy refers to the infinite combination of 

potential UE joint angles for every position of the object; trajectories of the object to the target; 

and points of contact of the object to the target, where the target is typically a surface such as 

placing an object onto a table [52], [55].  

The limitations of both VR software development environments and hardware components 

restrict the ability to completely recreate real-world tasks in VR. However, the limitations of real-

world tasks, especially for those with severe impairments who cannot perform real-world tasks, 

can be overcome through strategic designs of highly customizable VR features: task functionality, 
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display method (either 2D screen, or 3D head mounted display (HMD)), avatar design, haptic 

feedback, and method of object interaction. Mirror therapy [9] and error augmentation [10] are VR 

designs that have leveraged these benefits during RTT, but may not meet all motor learning criteria 

due to lack of complete UE avatar display [10], unnatural avatar hand poses during object 

manipulation [9], and lack of haptic feedback during object interaction [9], [10]. VR system 

designs have also included augmented environments to improve motor learning through guiding 

desired motions by displaying: targets on a 2D screen [56], trajectory paths to a target [47], and 

third person view of the desired motion [9], however many VR systems apply these features to 

tasks lacking functional significance. Investigation of RTT during VR functional tasks without 

guiding desired motion have shown success in prompting a wide ROM in some participants, while 

other participants developed minimized movement strategies to achieve the task reward [18].  Few 

task designs focused on RTT of ADLs have been investigated for the consistency of motion that 

they prompt with repetitive use, which could be one factor affecting skill acquisition transfer from 

VR to real-world ADLs.  

This study proposes a custom VR rehabilitation system with three VR RTT tasks developed to 

stimulate motor learning mechanisms involved in complex real-world ADLs. The purpose of this 

study was to evaluate the VR system’s ability to prompt: i) motion primarily in the designed 

directions for each task, ii) ROM of the minimum designed target distances iii) consistent hand 

motion. Features of the VR ADLs in this study can be integrated into future systems to improve 

VR rehabilitation.  

3.2 Methods 

3.2.1 VR System Hardware and Software Design  

The VR rehabilitation system included an Oculus Rift and Touch System (Oculus VR, 

LLC, Menlo Park, CA, United States) with two Oculus Sensors connected to a computer running 

Windows 10 (Microsoft Corporation). The VR tasks were developed in Unity Game Engine 2018 

(v4.2) (Unity Technologies, San Francisco, United States), which interfaced the Oculus hardware 

with the VR tasks.  

3.2.2 Virtual Environment and Rehabilitation Task Design  

Three VR ADLs were designed to simulate functional tasks commonly performed 

repetitively in either a home or gym environment, that would be intuitive and familiar to the stroke 

patient demographic (Table 3.1). These tasks were designed collectively to prompt motions in 

varying primary spatial directions typical for many ADLs to aid skill acquisition transfer from VR 

to real-world functions. Task completion was guided by the VR system through the target design, 
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manipulation of virtual object DOF, and custom virtual environment features mimicking real-

world tasks.  

To complete each ADL, the VR system guided participants to repetitively move a virtual 

object between a near and far virtual target displayed alternately (Figure 3.1). A single repetition 

was counted when the virtual object contacted the far target, which triggered the appearance of the 

near target, indicating reversing the motion to connect the object with the near target. Each task 

had a varying minimum distance between targets (Table 3.1), (Figure 3.1.A-C), which was 

determined by the recommendations of stroke patient functional abilities from physiotherapists at 

the Hamilton Health Sciences Center, Hamilton, ON. The virtual object DOF were also restricted 

to only translation and altered between tasks to ensure their manipulation was realistic, while 

maintaining simplicity of task functionality for the stroke population. The translation of all objects 

was also fixed in the medial-lateral (ML) direction to guide participant movement primarily in the 

superior-inferior (SI) and anterior-posterior (AP) directions.    

Table 3.1: Description of the Functionality and Setup of Rolling Dough, Biceps Curl, and Plate Stacking  

 

VR Task 

 

Primary 

Spatial 

Direction 

 

Interactive 

Object 

(Direction   

of DOF) 

Minimum 

Target 

Distance 

(Length of 

Object) (cm) 

 

 

   Task Purpose and Description  

 

Rolling 

Dough 

 

AP 

 

 

Rolling pin  

(AP) 

 

18 

(78) 

A cooking task where participants 

rolled virtual dough with a virtual 

rolling pin while seated at a table in a 

kitchen environment (Figure 

3.1.A,D). The rolling pin was fixed in 

the SI direction to prevent unrealistic 

rendering of the rolling pin through or 

lifting from the table.  

 

Biceps 

Curl 

 

SI 

 

Barbell  

(SI, AP) 

 

18 

(112) 

A fitness task where participants 

performed biceps curls with a virtual 

barbell while seated in a fitness center 

environment (Figure 3.1.B,E). 

 

Plate 

Stacking 

 

SI, AP 

 

Plate  

(SI, AP) 

 

7  

(34)       

Plate 

Diameter 

In the kitchen environment, 

participants grasped a virtual plate on 

the virtual table in front of them and 

placed it into a virtual cabinet. Once 

the object was placed on the target, 

the plate disappeared, and the next 

plate appeared to be put away (Figure 

3.1.C,F). 
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Figure 3.1: Diagram of task setup for A) rolling dough in the transverse plane (top view), B) biceps curl (isometric 

view) and C) plate stacking (isometric view). In the VR environment, the X, Y, and Z-axis corresponds to ML, SI, 

and AP directions, respectively. The near and far spherical targets with diameter of 8.16 cm each were separated by 

the minimum target distance labelled in A) and displayed by the white arrow in B) and C). First person view captured 

by a single subject completing D) rolling dough, E) biceps curl, and F) plate stacking, initially grasping each virtual 

object to begin the reach phase of the motion cycle and prompted to move the objects to the far target. The avatar 

hands assumed a natural grasp pose for each object once the participant pressed the grip button on the Oculus Touch 

to hold the virtual object. Approximate forearm angle of pronation for rolling dough, supination for biceps curl, and 

neutral pronation/supination for plate stacking were naturally prompted by the combination of the virtual object and 

the purpose of the task.  

Many features were designed based on motor learning mechanisms related to UE motor 

function recovery following stroke [32], [37], [38]. First, participants were encouraged to develop 

a movement strategy to achieve each task’s goal through the nested redundancy design of the VR 

ADLs [52]. Nested redundancy mimicking that found in real-world ADLs was designed through 

the subject’s ability to grasp the virtual object at any point along the length of the object, and 

subsequently manipulate its translation with an infinite number of upper extremity joint angle 

combinations and Oculus Touch trajectories to the target. A successful repetition was considered 

when contact was made with any point on the target.  

Second, the VR system was designed to emulate the sensation of manipulating objects 

through Oculus Touch features. To grasp and hold the virtual object, the index finger was required 

to press and hold the grip button, mimicking finger flexion associated with grasping objects. Haptic 

feedback - designed to emulate the sensation of a weighted object and indicate the completion of 
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a repetition - was applied through the Oculus Touch when initial contact was made with the object, 

and when the object collided with the target. 

Third, a first-person full body avatar [57] was selected for realistic visual rendering of 

upper extremity motion to include virtual feedback of action observation. The avatar’s shoulder, 

elbow, and wrist joints were estimated instantaneously during task completion from pose of the 

Oculus Touch. An avatar wearing a jacket and gloves (Figure 3.1) was selected to enhance 

participant ownership of the avatar arms and immersion in the environment. As altered motion and 

decrease in presence in VR environments have resulted if first person avatar arms deviate from the 

participant’s physical characteristics [53], [54], the clothes created a neutral gender and neutral 

race solution for all participants. The clothes also helped ensure the visual appearance of smooth 

human-like joint motion due to the deviations between the model’s degrees of freedom at each 

joint and human anatomical joint definitions [57],[58]. 

Finally, the VR tasks were designed such that the VR ADLs could be completed naturally 

in real life both unilaterally and bilaterally. The rolling pin, barbell, and plate could be grasped 

with either hand independently as well as simultaneously to complete the motion while appearing 

visually and functionally correct, allowing for patients with varying abilities to use the system. 

3.2.3 Participants  

Six participants, two females and four males, with a median age of 22.5 +/- 1.2 years 

completed this study. Participants did not have any upper extremity injuries or impairments and 

had minimal experience with HMDs. Five of six participants were right hand dominant. 

Participants provided informed consent prior to participation in this study as part of a larger study 

approved by the institutional research ethics board, number 16-12-310. 

3.2.4 Procedures and Data Analysis  

Participants were fitted with a custom set of 25 retroreflective markers adapted from [59] 

placed on the right scapula, elbow, wrist, upper arm, forearm, metacarpals, and Oculus Rift to 

measure the pose of the UE in space (Figure 3.6). The Oculus sensors were placed on a table 1.2 

m apart, and participants were seated in the center of the play-space – equidistant between the 

sensors and 1.2 m from the sensors in the transverse plane according to the Oculus documentation 

of best practices [50]. Fitted comfortably with the Oculus Rift, participants completed 10 

sequential repetitions of rolling dough, biceps curl, and plate stacking at a self-selected pace using 

the right Oculus Touch following familiarization with the system. Upon completing the study, 

participants were asked to rank the tasks from 1-3, in order of least to most enjoyable. 
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A nine camera optical motion capture system (7-Bonita, 2-Vero, Vicon Motion Systems, 

Oxford, UK) captured kinematic data at a frame rate of 100 Hz, while the position and orientation 

of the Oculus Rift and Oculus Touch were measured simultaneously by the Unity OVR Plugin 

package and stored at a frame rate between 10-20 Hz for future analysis. Each trial’s data were 

filtered with a second order, dual low-pass Butterworth filter [60] with a cutoff frequency of 6 Hz 

[61]. Motion cycles were manually segmented into two phases based on the minimum and 

maximum position of the second metacarpal marker trajectories: 1) forward reach phase which 

included grasping the virtual object and moving it to the far target; and 2) return phase where the 

motion was reversed to return to the initial position to begin the next cycle (Figure 3.7). This study 

only investigated the forward reach phase of each task. These processing methods were completed 

in MATLAB (Mathworks Inc., MA, United States).  

3.2.5 Outcome Measures and Statistics 

The primary outcome measure of this study was 3D hand displacement in centimeters, 

which was used to assess whether participants achieved: i) motion predominantly in the desired 

directions for each task, ii) sufficient ROM, and  iii) consistent motion across repetitions. Hand 

position has been used to quantify patient improvements during VR rehabilitation [48], [10], as it 

is the output of the combination of the neurological and physiological processes involved in 

executing a motor task [56]. The Euclidean distance between the second distal metacarpal marker 

position at the start and end of each reach phase represented hand displacement (Eqn.1).  

𝐻𝑎𝑛𝑑 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡𝑛,𝑗,𝑘 = √(𝑋𝑓,𝑛,𝑘,𝑗 − 𝑋𝑖,𝑛,𝑘,𝑗)2 +  (𝑌𝑓,𝑛,𝑘,𝑗 − 𝑌𝑖,𝑛,𝑘,𝑗)2 + (𝑍𝑓,𝑛,𝑘,𝑗 − 𝑍𝑖,𝑛,𝑘,𝑗)2        (Eqn.1) 

where i and f are the reach phase initial and final marker trajectory position in the ML, SI, and AP 

directions; n is subject, 1-6; k is repetition number; and j is task. 

Relative hand displacement in the ML, SI, and AP directions were normalized as a 

percentage of the corresponding Euclidean distance due to the variations of hand displacement 

within and between participants during repetitions. Differences in percentage of hand displacement 

between the directions within each task were evaluated using a one-factor Kruskal Wallis 

ANOVA. When appropriate, differences between means were assessed using a Bonferroni 

Wilcoxon Mann-Whitney test post-hoc procedure.  

 To determine if the VR system prompted hand displacement at least the distance of the 

minimum target distance, the difference between recorded hand displacement and the minimum 

target distance for each task (Table 3.1) was calculated for every repetition. The mean difference 

for 10 repetitions completed by each subject was calculated for each activity. Three dependent 

Wilcoxon Signed Rank tests were conducted with the mean difference values to evaluate if hand 

displacement significantly exceeded the minimum target distances. 
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Consistency of motion was evaluated with three linear regression models to determine if 

there was a significant relationship between repetition number and hand displacement during each 

task. Mean and standard error of the mean (SEM) of hand displacement at each repetition among 

participants during each task were determined as part of the linear regression figures.  

Mean enjoyment of each task were determined from the relative enjoyment ranking provided 

by the participants. All statistics were analyzed in RStudio (RStudio Team (2020)) with a 

significance level (α) of 0.05.   

3.3 Results 

Percentage of hand displacement in each direction was significantly different between the 

directions within each task (p < 2.2e-16). Post-hoc analyses of each task found that hand 

displacement was significantly greater in the designed primary directions (Figure 3.2).  

 

 

 

 

 

 

 

 

Figure 3.2: Mean (SD) percentage of hand displacement in the ML, SI, and AP directions for A) rolling dough, B) 

biceps curl, and C) plate stacking (* indicates statistical significance, direction designed are lightly shaded).  

The smallest mean (SD) hand displacement was found during plate stacking of 12.8 cm 

(Figure 3.3.A). Mean hand displacement was found to significantly exceed the minimum target 

distance by 7 +/- 1 cm (p = 5.6e-4) during rolling dough,  25 +/- 2 cm (p < 1.5e-3) during biceps 

curl, and 17 +/- 2 cm (p = 0.03) during plate stacking (Figure 3.3.B).  There was no significant 

change in hand displacement with increasing repetitions during rolling dough (p = 0.07), biceps 

curl (p = 0.32), and plate stacking (p = 0.42) (Figure 3.4). Plate stacking was ranked the most 

enjoyable activity whereas rolling dough was ranked the least enjoyable (Figure 3.3.C). 
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Figure 3.3: Mean (SD) of A) hand displacement of 6 subjects completing 10 repetitions, for a total of 60 reach cycles 

during each task, B) hand displacement exceeding the minimum target distance of each task, and C) enjoyment rank 

of each task, where 3 indicated most enjoyable.  

 

Figure 3.4: Mean (SEM) hand displacement of 6 participants completing repetitions 1 through 10 of rolling dough, 

biceps curl, and plate stacking. Each includes the minimum target distance (blue), and the linear regression equation 

indicating non-significant increasing (positive) and decreasing (negative) hand displacement over time (black).
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3.4 Discussion 

This study presented three custom VR ADLs designed with features to stimulate motor 

learning mechanisms related to motor function recovery during real-world ADLs. Interaction with 

the objects, haptic feedback, a complete UE avatar, and intuitive environments were designed 

collectively to achieve this objective while guiding the repetitive completion of each task. The 

system design was found to successfully in prompt hand displacement primarily in the designed 

directions for each task.  

The VR system design was successful in prompting consistent hand displacement across 10 

sequential repetitions of each task that involved complete UE motion. The smallest mean (SD) of 

hand displacement found was 12.8 cm (Figure 3.3.A). This value is greater than the hand 

displacement that would have occurred during a complete wrist flexion and extension motion [62] 

of 7 cm and 8.1 cm for the 50th percentile female and male [63] respectively. The findings of 

consistent hand displacement contrast those found with other VR system designs employing the 

use of controllers for interaction with virtual objects to complete functional tasks. Motion patterns 

evaluated during 2D VR tasks where haptic feedback was applied upon object contact, found that 

47% of participants adopted “cheating” motions to achieve the task goal. These participants 

minimized hand displacement through simple wrist flexion/extension as opposed to motion 

involving the complete UE [18]. This may have occurred because in that 2D system, it was possible 

to complete the task with compensated movement while still viewing accurate motion of the avatar, 

however, that wasn’t possible with the present study’s 3D system. 

Success of achieving both consistent hand displacement (Figure 3.4), and hand displacement 

primarily in the desired directions (Figure 3.2) can likely be attributed to restricting the virtual 

object’s DOF to translation only in these directions and requiring the grip button to grasp and 

maintain contact with objects. The position of the avatar hand within the virtual environment was 

determined by the real-world pose of the Oculus Touch controller. Once the virtual object was 

grasped, the avatar hand was secured to the object in a natural grasp pose and could slide along 

the length of the object allowing the participant to determine a comfortable real-world hand 

position. If the participant’s real-world hand pose deviated from the constraints of the virtual object 

(either a position exceeding the length of the object or deviation from the directions in which the 

object could be translated) an unnatural UE arm pose would be displayed by the avatar. As a result, 

participants would either have to release the object or converge their real-world hand position with 

the desired direction to restore a natural UE pose.  

Enjoyment and engagement within VR environments may increase ROM when participants 

are focused on completing the task goal. A post-hoc analysis found that during the completion of 

each task, percentage of hand displacement significantly exceeding the minimum target distance 
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increased corresponding to greater mean rankings of enjoyment for each VR task (Figure 3.3.C), 

(Figure 3.5). The realistic environment and first-person view of task completion in the present 

study were likely factors causing these results due to the self-referencing effect. This cognitive 

bias is the tendency of people to integrate similar past experiences with new experiences and 

environments [64]. Realistic VR environments coupled with an intuitive object interaction design 

may have allowed the participants to relate their real-life experiences with rolling dough, bicep 

curls, and stacking plates on a shelf to the VR tasks. Participants may have been focused on 

completing the functional purpose of the task while immersed in the environment, as opposed to 

simply moving the object to meet the target, causing significant hand displacement beyond the 

minimum target distance. Similarly, UE motion of adults with cognitive impairments and healthy 

participants increased during tasks completed in an HMD compared to a 2D system [49].  

 

Figure 3.5: Percentage of mean hand displacement exceeding the minimum target distance (left axis) for each task 

(horizontal axis) and mean activity enjoyment score corresponding to each task (right axis), where a score of 3 

indicated most enjoyable and 1 indicated least enjoyable. 

Haptic feedback applied both upon initial contact with the object and to indicate repetition 

completion did not prevent participants from reaching beyond the targets but may have been 

another factor prompting increased ROM. Although non-significant, there was a slight increase in 

mean hand displacement with increasing repetitions during both plate stacking and bicep curl, 

whereas there was a slight decrease found during rolling dough (Figure 3.4). These findings 

indicate that the haptic feedback may have been perceived as positive feedback/reinforcement 

during the most engaging tasks and corrective feedback for the least engaging task as mean hand 

displacement approached the minimum target distance. Haptic feedback has been found to increase 
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participant immersion within virtual environments due to an increase in sensory stimulation [64] 

and increase skill retention 12 weeks post treatment [65]. However, haptic feedback’ effects on 

motion patterns depends on the user’s familiarity with the technology [44]. The present study 

suggests that the effects of haptic feedback may be coupled with the participant’s enjoyment with 

the task. These results also suggest that hidden virtual targets may serve as beneficial features for 

VR rehabilitation system development in software such as Unity Game Engine. Hidden targets 

could be used to quantify patient ROM and to continuously prompt the participant’s complete 

ROM as functional abilities improve. Hidden targets placed beyond the original targets could be 

used to trigger an automatic increase in target distance instead of relying on manual target 

placement based on physiotherapist evaluations as other studies employ [9], [10]. 

Two limitations of this study were the small number of healthy participants and lack of 

comparison to a stroke patient population. As motor function of healthy participants cannot be 

directly translated to the ability of stroke patients [66] this study only provides guidelines to VR 

rehabilitation system design features that may promote similar responses during patient use. 

Moreover, including healthy stroke patients as opposed to young adults could influence the task 

enjoyment results, based on differences in typical real-world ADLs between these age groups. A 

second limitation was that participants completed the tasks at a self-selected pace and only 

completed 10 repetitions each. To further understand the VR system’s effects on consistency of 

hand displacement and that in the directions of motion designed, this study should be conducted 

for the average length of an in-patient program (regular daily therapy sessions for a total of 15 

hours [67]). Future works should also further investigate the effects of haptic feedback applied 

through the Oculus Touch and object manipulation on functional improvements with stroke 

patients who may be less familiar with hardware components of VR technology. 

3.5 Conclusion 

A VR system for UE rehabilitation was designed to incorporate successful motor learning 

mechanisms. During RTT by n = 6 healthy participants, this system prompted consistent hand 

motion exceeding the minimum thresholds, and this motion occurred primarily in the designed 

directions for each task. Restricting virtual object DOF may have helped ensure this motion 

specificity, which can be integrated to VR system designs to maintain functional purposes of task 

completion.  
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3.7 Supplementary Material  

 

Figure 3.6: Back view of retroreflective markers (pink) placed on a biomechanical model [68]; B) front view of the 

markers placed on the Oculus Rift. 

 

Figure 3.7: Diagram of a sample cycle selection for one subject completing 10 repetitions of one VR task. The first 

reach phase is depicted by arrows.  
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Chapter 4       Feasibility of Predicting Upper Extremity Joint Angles 

using the Oculus Rift and Touch System with Biomechanical 

Modelling  

Steph A. Hughes, Scott C.E. Brandon, Karen Gordon, Hussein Abdullah 

School of Engineering, University of Guelph, Guelph, Ontario, Canada 

Abstract 

Background: Inertial measurement units (IMUs) within the Oculus Rift and Touch System could 

be used to predict UE joint angles during virtual reality (VR) rehabilitation through inverse 

kinematics with biomechanical models. Quantifying relationships between these measurements 

and UE joint angles could aid in overcoming challenges imposed by this underdetermined problem 

through the development of model constraints.   

Objectives: A custom biomechanical model was designed to estimate UE joint angles and the 

Oculus Touch pose. The purpose of this study was to: i) evaluate the accuracy of the Oculus 

Touch’s position and orientation measurements compared to the model estimates in three 

directions and about three axes; and ii) determine if linear relationships exist between the Oculus 

Touch measured pose and UE joint angles during three VR tasks that are consistent across motions.   

Methods: Six participants completed three VR rehabilitation tasks while kinematic data were 

collected simultaneously by an optoelectronic motion capture system and Oculus Touch. Root 

mean square error and the Bland Altman limits of agreement evaluated Oculus Touch pose 

accuracy, and Pearson Correlation Coefficients were used to determine linear relationships. 

Results: Positional error increased with increasing task complexity, and no patterns were found 

with increasing displacement. Each task had different significant linear relationships; however, the 

Oculus Touch position in each task’s primary direction of motion was significantly related to 

elevation angle and elbow flexion with varying levels of strength.  

Conclusions: Results indicate that a task-specific approach be applied when developing constraints 

to simplify model estimation of UE joints through inverse kinematics.  

Keywords: Virtual reality, biomechanical model, inertial measurement units, upper extremity, 

motion capture, OpenSIM, kinematics 

Statement of Contributions: Biomechanical model design conceptualization and 

implementation, system software development, study design, data collection, and data analysis 

were completed by Steph Hughes, and written by Steph Hughes.  
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4.1 Introduction 

Virtual reality (VR) is an emerging method of rehabilitating upper extremity (UE) motor 

function following stroke by guiding the repetitive completion of virtual tasks. Motor function 

improvements resulting from VR rehabilitation are commonly qualified by performing functional 

tests prior to and upon exiting in-patient programs [28], [7]. These subjective tests employ a Likert 

point scale to evaluate the patient’s ability to complete specific activities of daily living (ADLs) 

using both their unimpaired and impaired limb synergistically [11], [13]. The increase in UE range 

of motion (ROM) during VR rehabilitation sessions is a quantitative measure of the change in 

motor function experienced by each limb individually [69]. This information is beneficial in 

addition to functional test results to determine when participants begin to experience motor 

function improvements, if these improvements are true improvements or adaptive behaviors [2], 

and correlates these improvements to the VR system design. Ultimately, this information can be 

used to tailor the rehabilitation system to meet the patient’s specific needs [69] and further improve 

VR rehabilitation methods.    

Kinematic data are difficult to obtain in both clinical and home settings, limiting the ability 

to measure ROM during VR rehabilitation. The use of traditional motion capture systems is 

problematic primarily due to the time-consuming process of system calibration and participant 

preparation, as well as their high cost and space requirements. Alternatively, static ROM of each 

UE joint can be measured individually with goniometers [16]-[17], but these measurements do not 

provide a direct relation between patient improvements to the VR system design. Markerless 

motion capture systems such as the Microsoft Kinect (Microsoft Corporation, Redmond, United 

States) have been used during VR rehabilitation clinical trials to measure ROM  [16],[12],[31]. 

However, the Kinect has been found to track lower extremity tasks more accurately than UE tasks, 

experienced significantly larger errors in the depth direction of the capture volume, and measured 

UE joint angles with errors as large as 24.59 degrees compared to traditional motion capture 

systems [19].  

A more recently developed VR hardware component with potential for kinematic data 

collection are the Oculus Touch controllers included in the Oculus Rift and Touch System. These 

are hand-held devices that allow for participant interaction within virtual environments by 

measuring the Oculus Touch’s position and orientation using Oculus’ IMU algorithm. Measured 

statically in a gimbal, the position measured by the Oculus Touch was found to be accurate within 

1.0 cm [70] and has subsequently been used to determine participant hand displacement in the 

anterior-posterior (AP) direction during VR rehabilitation tasks [10]. As the accuracy of the Oculus 

Touch’s orientation measurements have yet to be evaluated, they should be evaluated in addition 

to the Oculus Touch’ positional accuracy during dynamic human motion to prior to using these 

measurements for such applications.  
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Through inverse kinematics analysis, the simultaneous measurements of the Oculus Touch’s 

position and orientation have the potential to be used to estimate UE joint angles accurately. VR 

avatars that employ inverse kinematic algorithms have been developed to display visually 

appealing complete UE motion within virtual environments from the instantaneous Oculus Touch 

measurements [57]. However, many avatars are not opensource, have not been evaluated for their 

accuracy, and place precedence on appearance over calculating anatomically correct joint angles. 

Many avatars as well as the Kinect system determine the shoulder angles with a ball joint model, 

which is an inaccurate representation during dynamic UE motion due to the relationship of 

scapular and clavicular motion with that of the humerus [71]. Lack of humerus translation with 

respect to the scapula leads to compensation of angle estimation in the subsequent UE joints, 

impacting results.  

  Biomechanical models have been designed to better represent UE joint coordinate systems 

that are consistent with the International Society of Biomechanics’ (ISB) definitions [58], [68], 

[72] to improve accuracy of joint angle determination during inverse kinematics [73]. Recently, 

inertial measurement units (IMU) have been investigated as a compatible data type to estimate 

joint angles with these models [74] – expanding the possibility of measuring ROM outside of 

research settings where traditional motion capture systems are not feasible, such as the Oculus Rift 

and Touch measurements. To estimate the shoulder, elbow, and wrist angles from the Oculus 

Touch pose alone is a challenging task due to the greater number of joint angles (7) to the degrees 

of freedom (DOF) measured by the Oculus Touch (6), resulting in an underdetermined system. 

Although there are many UE DOF, during ADLs the UE joints work together in a coordinated 

system. Thus, the total UE DOF can be reduced by measuring the coordination and applying 

coupling constraints to the related DOF. This has been found to be a successful method during 

scapular kinematics to distinguish impaired scapula function [73], and there is potential of 

accomplishing similar relationships between the Oculus Touch DOF and UE joint angles.  

This study proposes a custom biomechanical model developed to estimate UE joint angles 

and the Oculus Touch pose from kinematic data measured by a traditional motion capture system. 

The purpose of this study is to determine the feasibility of using this model to predict UE joint 

angles from the Oculus Touch measured DOF during three VR rehabilitation tasks in the future, 

which was investigated through three objectives: i) evaluate the accuracy of the position measured 

by the Oculus Touch to the model estimate, ii) evaluate the accuracy of the orientation measured 

by the Oculus Touch to the model estimate, and iii) determine if linear relationships exist between 

the measured Oculus Touch pose and UE joint angles that are consistent among activities for model 

constraint development.  
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4.2 Methods 

4.2.1 VR Rehabilitation System  

A custom VR rehabilitation system has been described in detail previously in section 

(§3.2). Briefly, the VR system was composed of an Oculus Rift and Touch System (Oculus VR, 

LLC, Menlo Park, CA, United States) with two Oculus sensors and three UE rehabilitation tasks 

developed in Unity Game Engine 2018 (v.4.2) (Unity Technologies, San Francisco, United States). 

The Unity OVR Plugin package was altered to capture and record 6 DOF of the Oculus Touch 

(position in the X, Y, and Z axes, and orientation about the X, Y, and Z axes), and 3 DOF of the 

Oculus Rift HMD (position in the X, Y, and Z axes), in reference to the Oculus global coordinate 

system at a frame rate between 10-20 Hz. In this study, the X, Y, and Z axes corresponded to the 

medial-lateral (ML), superior-inferior (SI), and anterior-posterior (AP) directions, respectively. 

The orientation of the Oculus Touch was converted from quaternion angles to Euler angles in the 

rotation sequence of Z-X-Y of the Oculus Touch’s axis (Figure 4.1) using Unity OVR Plugin 

package functions prior to recording data. Euler angle measurements were critical for consistency 

with the rotation system used by the International Society of Biomechanics’ definition of joint 

coordinate systems [58]. 

4.2.2 Experimental Setup  

 The Oculus Rift and Touch System was setup and calibrated following the Oculus 

documentation of best practices [50]. The Oculus sensors were secured to a table 1.2 m apart, and 

the sensor heads were manually leveled to 90 degrees. The play-space was the area in the X-Z 

plane of the VR system where the Oculus Rift and Touch were tracked by the sensors (Figure 4.1). 

A chair was placed in the center of the play-space for participants to complete the tasks in a seated 

position (Figure 4.1). The gold standard motion capture system was composed of nine cameras (7-

Bonita, 2-Vero, Vicon Motion Systems, Oxford, UK) secured to the ceiling surrounding the play-

space. Kinematic data were collected by the motion capture system at a frame rate of 100 Hz. The 

global coordinate system of the VR system was determined by Oculus’ constellation tracking 

system with the Oculus Sensors [50], which were positioned within the motion capture area such 

that the orientation of the Oculus global coordinate system was approximately (manually) aligned 

with that of the Vicon global coordinate system (Figure 4.1). 
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Figure 4.1:Experimental setup diagram of the Vicon Motion Capture system and the Oculus Rift and Touch system. 

The 2.4m x 2.4m play-space in the X-Z plane was defined with the Oculus Global Coordinate system XGO, YGO, and 

ZGO. The Vicon global coordinate system XG, YG, and ZG, is shown in the play-space center. The Oculus Rift and its 

origin are displayed with its 3 positional DOF: Xh, Yh, and Zh. The origin of the Oculus Touch and its 3 translational 

DOF of Xc, Yc, and Zc are displayed, where its 3 orientation DOF are about each axis with a left-hand coordinate 

system as it is the coordinate system used by Unity Game Engine.  

4.2.3 Apparatus  

A description of this study’s procedures has been provided in section (§3.2.4) of this thesis. 

Kinematic data were collected simultaneously by the VR system and Vicon Motion Capture 

system to compare these measurement systems. Participants were fitted with a custom 

retroreflective markerset adapted from [59] placed on the Oculus Rift and UE including distal 

metacarpal joints, wrist, forearm, upper arm, elbow and scapula (Figure 3.6).  

4.2.4 VR Rehabilitation Tasks  

To investigate the feasibility of the Oculus Rift and Touch System to quantify dynamic UE 

motion, six healthy participants (Table 4.1) completed three VR rehabilitation tasks that allowed 

each participant to manipulate the Oculus Touch DOF freely to achieve the task goal. Each task 

guided the participant to repetitively complete a functional task stimulating motion of the shoulder, 

elbow, and wrist through visual cues within the virtual environment (Table 4.2). Following 

familiarization with the VR system, participants completed 10 repetitions of each VR task. A static 

trial was also completed by each participant. 
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Table 4.1: Mean (SD) Participant Characteristics 

Sex [female/male] 2/4 

Age, years 22 (1.2) 

Height, cm 177 (11) 

Weight, kg 78.47 (13.8) 

Hand dominance, [right/left] 4/1 

 

Table 4.2: Description of the VR System Tasks 
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4.2.5 UE Biomechanical Model   

An open source, UE biomechanical model with 7 DOF [68], [72] was selected to estimate 

joint angles in OpenSIM (v.4.1) [75], [76], from the retroreflective marker trajectories. This 

model’s joint coordinate system of the shoulder, elbow, and wrist were defined consistent with the 

standard description outlined by the ISB [58]. The glenohumeral rotation center was defined as 

the connection between the glenoid fossa of the scapula and humerus with 3 DOF in the rotation 

sequence of Y-X-Y: plane of elevation, internal/external rotation, and elevation angle. Scapular 

and clavicular motion were estimated by the model through a coupled constraint with the humerus 

during plane of elevation motion based on regression equations. The elbow and forearm joints 

were each modelled by one DOF representing flexion-extension and pronation-supination, 

respectively. The connection between the radius and proximal carpal row defined the wrist joint 

with two DOF: flexion-extension, and radial-ulnar deviation.  

To estimate head motion during the trials, a lumbar to thoracic spine body was added to this 

model as well as seven cervical spine bodies with coupled constraints to a skull body which had 

been validated for dynamic neck motion [77]. This added a total of 6 DOF to the model: 3 

orientations each about cervical spine body 1 and cervical spine body 7. As the opensource UE 

model had not been validated for complex UE kinematics, a 3 DOF transform was added to allow 

relative translation of the humerus to the scapula, allowing for humerus motion independent of 

scapular and clavicular motion. Anterior/posterior (X axis), inferior/superior (Y axis), and joint 

distraction (Z axis) of the humerus with respect to the scapula was added to the axis of the first 

rotation of the glenohumeral rotation sequence [58] to each subject-specific model. The model 

alterations resulted in the addition of 9 DOF to the UE model, for a total model DOF of 16.  

4.2.6 Oculus Model Development  

A custom model was developed with two objectives: i) estimate the Oculus Rift and Touch 

DOF corresponding to UE joint angles with Vicon marker trajectories as the model input, and ii) 

the inverse process of estimating UE joint angles with the Oculus Rift and Touch DOF measured 

by the VR system as the model inputs. This custom model was developed through the addition of 

an Oculus Rift and a right Oculus Touch model bodies to the UE model (Table 4.2). First, the DOF 

of Oculus Rift and Oculus Touch measured by the VR system were represented in OpenSIM with 

a custom joint between each model body and ground. The Oculus Touch was included with 6 DOF 

representing its translation and orientation, and the Oculus Rift was included with 3 DOF 

representing its translation. Second, two weld constraints were used to relate the Oculus Rift and 

Oculus Touch DOF to the UE model DOF. The weld constraints fused the Oculus Rift model body 

to the UE model skull, and Oculus Touch model body to the UE model hand, both in approximately 

(manually) correct anatomical positions. The combination of the custom joint and weld constraint 

for the Oculus Rift and Oculus Touch model bodies to the UE model were designed as a convenient 
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method to be able to both report or input the Oculus Touch position and orientation while 

maintaining the original UE model DOF of 16. This study only implements model objective i) to 

determine the feasibility of completing objective ii) in the future.  

4.2.7 Joint Angle Estimation  

Following VR task completion, the retroreflective marker trajectories of each trial were 

filtered with a second order, dual-pass Butterworth filter [60] with a cutoff frequency of 6 Hz [61] 

in MATLAB (Mathworks Inc., MA, United States). One VR task motion trial for each participant 

was used to calculate the functional joint centers of the shoulder, elbow, and wrist, using the 

Symmetrical Center of Rotation Estimation [78], Symmetric Axis of Rotation [79], and midpoint 

between the radial and ulnar styloid process, respectively. Either the rolling dough or plate stacking 

task was selected as the motion trial based on which of these trials required less gap-filling. A 

subject-specific model for each participant was created through the scale tool in OpenSIM 4.1 

given the static trial and joint centers. Inverse kinematics analysis was conducted in OpenSIM 4.1 

to determine the joint angles and Oculus DOF by minimizing the total root mean square marker 

error between measured marker positions and those of the corresponding virtual markers placed 

during scaling.  

4.2.8 Data Analysis  

Joint angles, Oculus Rift and Touch DOF estimated by the biomechanical model (referred 

to as the model estimate), and Oculus Rift and Touch DOF measured by the VR system were 

further processed in MATLAB for comparison following inverse kinematics. As the coordinate 

system employed by OpenSIM was a right-hand axis, the orientation DOF measured by the VR 

system were converted from Unity’s left-hand system to a right-hand system. Due to the varying 

sampling rates of the Oculus measured data, each trial was resampled to 100 Hz, consistent with 

the Vicon sampling rate.  

To synchronize data from each measurement system in time, positional data in the ML, SI, 

and AP directions of the Oculus Touch measured by the VR system and estimated by the 

biomechanical model were plotted with the trajectory of the second metacarpal marker. Data were 

manually synchronized based on a common event, the initiation of movement from both systems 

(Figure 4.2). Once synchronized, the data from each measurement system were segmented into 10 

reach phases as depicted in (Figure 4.2), and resampled to 101 frames using the interp1 function 

in MATLAB. This study only investigates the forward reach phase of each motion, consistent with 

(§Chapter 3). The complete methodology is summarized in (Figure 4.3). 
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Figure 4.2: Diagram of a sample cycle selection for one trial at a common even (red) within the data prior to the first 

reach phase depicted by the arrows was used to synchronize the data from each measurement system in time.    
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Figure 4.3: Flow chart of experimental methodology. 
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4.2.9 Outcome Measures and Statistics  

To assess the feasibility of using the model to predict UE joint angles from the Oculus Touch 

measured DOF during VR rehabilitation tasks, accuracy of the positional and orientation DOF 

measured by the Oculus Touch were evaluated and investigated for the presence of linear 

relationships between these DOF and the UE joint angles determined by the model. 

The positional accuracy of Oculus Touch measured by the VR system compared to the model 

estimated values during dynamic motion within three spatial directions were evaluated by two 

outcome measures. First, accuracy of the Oculus Touch’s measured trajectory was evaluated using 

root mean square error (RMSE) (Eqn.1). Second, accuracy of the Oculus Touch’s total 

displacement measured was evaluated using the Bland-Altman limits of agreement (LOA), as it is 

a common method to compare the agreement of a new medical measurement system to the same 

sample measured by a traditional system. As there were a greater number of paired measurements 

collected from each participant than the number of participants, the agreement between methods 

of measurements with multiple observations per individual was conducted using the method where 

the true value varies [80]. RMSE and Bland-Altman LOA were both conducted for each of the 10 

reach phases completed by each participant in the ML, SI, and AP directions during each task.  

𝑅𝑀𝑆𝐸(𝑞𝑖,𝑎,𝑘,𝑗) =  √
∑ [𝑞𝑖,𝑎,𝑘,𝑗,𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑(𝑛)− 𝑞𝑖,𝑎,𝑘,𝑗,𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑛)]2𝑁

𝑛=1

𝑁
                                              (Eqn.1) 

where q is translation in i, where i is direction, 1-3; n is the frame number; and N is the total number 

of frames; a is subject, 1-6; k is repetition number; and j is task. Estimated represents the values 

estimated by the model which was considered the gold standard system during the pairwise 

comparison with Measured, which were the values measured by the VR system. 

To investigate the effects of task and direction of motion on positional accuracy, a two-way 

ANOVA was conducted using RMSE values (dependent variable). The effects of primary direction 

of motion on positional accuracy within each task were further investigated using three one-way 

Kruskal Wallis ANOVAs with Wilcoxon Mann-Whitney tests with a Bonferroni correction with 

a significance level (α) of 0.05. To evaluate the distribution of Oculus Touch’s positional 

measurement errors with respect to varying displacement in each direction, the Bland-Altman 

LOA was determined as +/- 1.96 x SD of the mean difference between each displacement value 

measured by the Oculus Touch and estimated by the model for each repetition. In this study, the 

Oculus Touch DOF estimated by the model was considered the gold standard as the position 

estimates were determined from the retroreflective marker trajectories measured by a traditional 

motion capture system.  
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To investigate the use of the Oculus Touch measured orientation DOF during dynamic motion, 

its accuracy compared to the model estimated values were evaluated using RMSE in degrees for 

each repetition completed by each participant during all tasks. 

Pearson Correlation Coefficients, r, were used to evaluate if linear relationships existed 

between the 6 measured Oculus Touch DOF (RX, RY, RZ defining translation in the X, Y, and Z 

axes, and ROX, ROY, and ROZ defining orientation about the X, Y, and Z axes) and the 10 UE 

joint angles (elevation angle, humerus rotation, plane of elevation, elbow flexion, 

pronation/supination, wrist flexion, wrist extension, and humerus translation in the X, Y, and Z 

axes with respect to the scapula). The differences in correlation within and between subjects [71] 

were accounted for by first determining the Pearson Correlation Coefficients within the 10 

repetitions completed by each participant during each task. Next, each coefficient was transformed 

using Fisher’s Z transformation. These values were averaged among participants for each task, and 

then back-transformed to determine a total of 90 mean Pearson Correlation Coefficient for each 

task. Pearson Correlation Coefficient values were categorized into the following levels of 

relationship strength: excellent, 0.95 < r < 1; very good, 0.85 < r < 0.95; good, 0.75 < r < 0.85; and 

moderate, 0.65 < r < 0.75 [81]. Due to VR system kinematic data collection errors during subject 

2 plate stacking and subject 5 bicep curl, these trials were excluded from the study. All analyses 

including the Oculus Touch position and orientation values were conducted with respect to each 

measurement system’s global coordinate system. 

4.3 Results 

4.3.1 Agreement Between Measured and Estimated Oculus Touch Position and 

Orientation 

The largest mean RMSE values between the Oculus Touch measured position and the 

position estimated by the model of 4.48 ± 3.40 cm was found in the AP direction during biceps 

curl (Figure 4.4), (Table 4.3). The overall positional RMSE values during rolling dough were 

significantly smaller than those during biceps curl (p = 2.68e-7) and plate stacking (p < 9.58e-19). 

RMSE values during biceps curl were also significantly smaller than those during plate stacking 

(p = 5e-3). There was a significant difference in RMSE values between the ML, SI, and AP 

directions of motion within each activity (p < 0.05). During rolling dough, RMSE in the AP 

direction (primary direction) were significantly larger than the ML direction (p = 9.4e-3) and SI 

direction (p = 1.8e-6) but no significant difference between the ML and SI directions (p = 0.23). 

During biceps curl, RMSE in the AP direction was significantly larger than the ML direction (p = 

9.4e-3) and the SI direction (p = 6.4-05) (primary direction), but no significant difference between 

the ML and SI directions (p = 0.59). During plate stacking, RMSE in the SI direction (primary 

direction) was significantly smaller than the ML direction (p = 6.7e-4) and AP direction (p = 9.e-
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6) (primary direction), but no significant difference was found between the ML and AP directions 

(p = 0.64).  

 

Figure 4.4: Mean position in the ML, SI, and AP directions of the Oculus Touch measured by the VR system (pink) 

and estimated by the skeleton (blue). Motion cycle (abscissa) represents the reach phase from 0 to 100% of rolling 

dough (left column), bicep curl (center column), and plate stacking (right column). 

The largest Bland-Altman mean of -5.20 cm was also found in the AP direction during 

biceps curl (Table 4.3), consistent with the largest positional RMSE value. This plane during 

biceps curl also showed that positional error increased with increasing displacement (Figure 4.5). 

A negative Bland-Altman mean in position was determined between the model estimated position 

and the measured Oculus Touch position in the AP direction for each task (Table 4.3), (Figure 

4.5), indicating that the controller measured a larger displacement than the model estimated.  
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Table 4.3: Mean of Agreement of Hand Position between Measurement Systems 

 

Activity  

 

Direction 

 

RMSE 

(SD) 

LOA 

(Min, Max) 

(cm) 

Bland-

Altman 

Mean (cm) 

 

Rolling Dough 

ML 1.84 (1.59) (-3.67, 7.83) 2.08 

SI 1.41 (0.88) (-4.93, 3.29) -0.82 

AP 2.42 (0.99) (-7.56, 1.70)  -2.93 

 

Biceps Curl 

ML 2.13 (1.49) (-2.68, 7.72) 2.52 

SI 2.36 (1.42) (-7.23, 8.05) 0.41 

AP 4.48 (3.40) (-15.55, 5.14) -5.20 

 

Plate Stacking 

ML 3.83 (1.90) (-11.89, 8.79) -1.55 

SI 3.13 (1.68) (-6.08, 6.92) 0.42 

AP 3.94 (1.70) (-7.62, 4.38) -1.62 

 

 

Figure 4.5: Bland-Altman plots of the hand displacement in the ML, SI, and AP directions during the forward reach 

phase of each task. Comparisons between the Oculus Touch position measured by the VR system and estimated by 

the model are shown. For each reach cycle during all trials, mean hand displacement (cm) between measurement 

systems compared is represented on the abscissa, while the difference in measured hand displacement (cm) between 

systems is represented on the ordinate. Mean difference in hand displacement between systems compared (pink) and 

the limits of agreement (black) are displayed for each comparison. 
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The greatest RMSE orientation value of 70.23 ± 20.17 degrees of Oculus Touch between 

the orientation measured by the Oculus Touch and estimated by the model was found about the 

ML axis during biceps curl (Fig. 4.6).  

 

 

 Figure 4.6: Mean (SD) RMSE between the Oculus Touch measurements and estimated A) position, and B) 

orientation.  

 

4.3.2 UE Joint Angle Relations with Measured Oculus Touch DOF 

A sample of the correlation plot determining the relationship between the 6 Oculus Touch 

DOF and 10 joint angles for a single subject during plate stacking (Figure 4.7) depicts the 

correlations that were calculated for each participant during 10 repetitions of each task. The 

significant mean Pearson Correlation Coefficients among participants for each task are 

summarized in (Table 4.4). Elevation angle and elbow flexion were found to have at least one 

significant linear relationship with Oculus Touch measured DOF during each task (Table 4.4).  
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Figure 4.7: Scatterplot of the Oculus Touch 6 DOF and 10 joint angles for 10 forward reach cycles during plate stacking from a single subject. Each relationship 

has the corresponding Pearson Correlation Coefficient, r, and line of best fit (pink). Shaded backgrounds highlight the strength of the relationship found: excellent 

in green, 0.95 < r < 1; very good in yellow, 0.85 < r < 0.95; good in pink, 0.75 < r < 0.85; and moderate in red, 0.65 < r < 0.75. The MATLAB function, 

fcnCorrMatrixPlot, developed by Chow 2021 [82], was modified to produce this plot.  
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Table 4.4: Statistically Significant Pearson Correlation Coefficients between Oculus Touch Pose and Joint Angles 

During Rolling Dough, Bicep Curl, and Plate Stacking 

 

Task 

Dependent 

Variable  

(UE Angles) 

Independent Variable (Oculus Touch DOF) 

RX RY RZ ROX ROY ROZ 

Rolling 

Dough 

Plane of 

Elevation 

- - 0.9351 - 

 
- - 

Elevation 

Angle 

- - 0.9504 - 

 

- - 

Shoulder 

Rotation 

- - -0.6758 

 

- - - 

Elbow 

Flexion 

- 

 

- -0.9632 - 

 

- - 

Pronation/ 

Supination 

- - -0.7612 - - - 

Humerus 

Translation 

in X, Y, and 

Z 

- 

 

- 0.8418 - - - 

Bicep 

Curl 

Elevation 

Angle 

 0.6562 

 

- - - - 

 Elbow 

Flexion 

 0.9260 -0.8361 -0.9415 - -0.7311 

 RY - - -0.8241 - - - 

 ROX - -0.9800 0.8907 0.7200 - - 

 ROZ - -0.7502 0.7261 - - - 

Plate 

Stacking 

Plane of 

Elevation 

- - 0.7170 

 

- - - 

 Elevation 

Angle  

- - 0.7763 - - - 

 Elbow 

Flexion 

- - -0.9337 - - - 

 ROX - -0.7912 - - - - 

*Shading indicates the strength of each significant linear relationship corresponding to color 

scheme used in (Figure 4.7). 
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4.4 Discussion 

This study provided a preliminary analysis of the potential to quantify UE motion during VR 

rehabilitation tasks from kinematic data measured by an Oculus Rift and Touch System combined 

with a custom biomechanical model. This custom model designed to estimate UE joint angles and 

the corresponding Oculus Touch DOF from marker trajectories was used to evaluate the accuracy 

of the position and orientation DOF measured by the Oculus Touch. Linear relationships were 

determined between the measured Oculus Touch DOF and UE joint angles during each VR task 

to investigate if coupling constraints could be developed between these DOF to simplify joint angle 

prediction with the model in the future.  

To the author’s knowledge, this was the first study to evaluate the accuracy of Oculus 

Touch’s position and orientation measurements during human motion. This study’s largest RMSE 

found of 4.48 ± 3.40 cm was greater than the largest positional error of the Oculus Touch measured 

statically in a gimbal of 0.35 ± 0.2 cm, that was found in a previous study [70]. When the accuracy 

of the Oculus Touch was measured statically, its orientation was fixed in a neutral pose within the 

gimbal [70]. One explanation as to why the present study experienced increased positional error 

to the static measurements was the participants’ ability to manipulate all 6 Oculus Touch DOF 

freely and simultaneously. In the present study, the Oculus Touch was held comfortably by each 

participant as opposed to being secured within the hand. Slight adjustments of the Oculus Touch 

pose were likely experienced due to the lack of stabilization within the hand and the application of 

haptic feedback at the start and end of each reach phase during all tasks. These adjustments would 

have been measured as either a change in any combination of the 6 DOF, which may not have been 

measured by the retroreflective markers placed on the top of the hand and wrist to consequently 

estimate this motion with the model, ultimately introducing bias. Similarly, an analysis of the 

positional accuracy measured by the HTC Vive controllers found error increased during simple 

human motion of lateral and frontal raises compared to controller motion while fixed to a robotic 

arm [83], supporting the present study’s findings. Bias may have also been introduced in the 

present study due to factors associated with the modelling methods potentially inhibiting the 

model’s hand position including: model constraints favoring certain markers during inverse 

kinematics, crude scaling of the subject specific models, limited model DOF, and skin motion 

artifacts measured by the motion capture system. 

Positional error measured by the Oculus Touch was found to increase with increasing task 

complexity. The plate stacking task was the most complex task, which experienced positional 

RMSE values significantly greater than each of the other tasks. Plate stacking was the only task to 

include grasping and releasing a new virtual object with each repetition, which required the 

repetitive pressing and releasing of the grip button on the Oculus Touch. Comparatively, once the 

corresponding virtual object was grasped during rolling dough and biceps curl, these activities 
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prompted the repetitive translation of the initially grasped object. The repetitive grasping and 

releasing likely caused increased adjustments of the Oculus Touch pose within the participants’ 

hands to the other tasks, increasing measurement bias. Increasing Oculus Touch displacement 

during task completion did not appear to increase positional error, which may have been a factor 

when evaluating the causes of increased error between tasks. The total displacement error in almost 

all spatial directions during each task (8/9) were neutrally distributed as total displacement 

increased (Figure 4.5). There were also no patterns with regards to positional RMSE values and 

primary direction of motion for all tasks. These findings indicate that to use the Oculus Touch’s 

positional measurements to quantify patient improvements during VR rehabilitation tasks, that 

methods be applied to secure and standardize the controller pose in the hand.  

The large orientation RMSE values found in this study were likely a result of the difference 

between the true pose of the Oculus Touch within each participant’s hand and the pose it was fused 

to the model’s hand. The model body of the Oculus Touch was only fixed to the model’s hand in 

an assumed anatomically correct position. However, due to the varying linear relationships 

between the orientation DOF and joint angles among tasks, and absence of relationships between 

these DOF and the wrist angles (Table 4.4), it is challenging to evaluate how this pose 

misalignment impacted RMSE values. These findings indicate that the pose is determined through 

the combination of all 10 DOF and cannot be directly correlated to the hand pose. The fact that the 

orientation measurements about each axis range from 0 to 360 degrees, further complicates relating 

these measurements to hand pose. This range is much larger than the maximum ROM of each UE 

joint. Moreover, a change in ROM about one axis of the Oculus Touch does not directly translate 

to the same degree change in one UE joint.  There also doesn’t appear to be a relationship between 

the orientation RMSE values and position RMSE values during each spatial direction and task 

(Figure 4.6). Misalignment of assistive devices for the UE such as braces, is a common challenge 

when considering the resulting joint kinematics [84]. Future studies should investigate potential 

solutions to correlate the pose of the Oculus Touch in the participant’s hand to the model, such as 

recording a static trial with the UE joints in known anatomical positions with the Oculus Touch 

recording a neutral orientation of zero about each axis to align the measurement systems. 

Synergistic measurements of the Oculus Touch’s position and orientation could be used to 

quantify complex UE motion with the model during VR rehabilitation tasks. However, the 

interpretation of the Oculus Touch’s pose with respect to the UE joint angles is affected by the 

type of task performed in the virtual environment. Each task was found to have different linear 

relationships, and the linear relationships that were consistent between tasks had varying levels of 

strength (Table 4.4). Although the Oculus Touch was held in the hand, almost all linear 

relationships found with Oculus Touch DOF were the shoulder and elbow joints, whereas only one 

relationship was found with the forearm, and none we were found with the wrist angles. This may 

have been a result of each participant developing a specific object grasping style with their forearm 
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and wrist during interaction with the virtual objects, which may not have translated to a distinct 

pattern between participants.  

When considering the feasibility of estimating UE joint angles from the measured Oculus 

Touch pose, this study suggests that a task specific approach be applied to biomechanical model 

constraint development. All tasks were found to have linear relationships between the Oculus 

Touch position in each task’s primary direction of motion (independent variable) with elevation 

angle and elbow flexion (dependent variables). As excellent correlations were found between these 

variables during rolling dough, applying linear constraints between these variables to the model 

could be beneficial to simplify UE joint angle prediction from the Oculus Touch DOF measured 

during this task. Very good linear relationships were found between the position of the Oculus 

Touch in the primary direction of motion with elbow flexion during both biceps curl and plate 

stacking. Moderate linear relationships were found between these Oculus Touch DOF and 

elevation angle during both biceps curl and plate stacking as well. Given the low strength of these 

linear relationships, future work should investigate nonlinear relationships between these variables 

for the potential of developing nonlinear constraints to simplify the model. It can be seen in (Figure 

4.7) that some lower strength relationships appear to be nonlinear as opposed to linear, indicating 

that nonlinear constraints may be a more accurate relationship during biceps curl and plate 

stacking. Regardless of the type of relationship, primary direction of motion of a task should be 

considered when attempting to predict joint angles during a specific task.  

A task specific approach agrees with previous kinematic analyses that have been conducted 

during a variety of real-world ADLs in which participants manipulate objects to achieve the goal. 

These studies also found that joint coordination relationships varied among tasks [84], [85] and 

significantly changes with age [62] - contrasting previous approaches of determining static joint 

relationships for complex motion estimation [71]. Strong linear relationships between the shoulder 

and elbow have been found during ADLs [85], but it is important to note that the values of these 

relationships are dependent on the joint coordinate systems defining the UE joints. The joint angle 

relationships in the present study are specific to the joint coordinate system of the biomechanical 

model designed and outlined in §(section 4.2.5).  

When evaluating the accuracy of the Oculus Touch’s measured positional DOF, the largest 

value found in this study of 7.88 cm is not sufficiently accurate to quantify patient improvements 

during rehabilitation. Stroke patients’ elbow joint ROM during a forward reach task has been 

correlated level of impairment categorized into mild, moderate, and severe impairment according 

to Fugl-Meyer assessment scores. The difference in mean ROM during elbow flexion between the 

moderately and mildly affected patients was 12.74 degrees [15], which corresponds to a total 

change in hand displacement of 7.58 cm based on anthropometric data of the 50th percentile male 

[63]. Consequently, measurement errors of 7.88 cm would result in inaccurate categorization of 
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patient impairment, either as an over estimation of patient impairment or would miss critical 

improvements in patient function. However, there are a few limitations of this study design that 

may have caused in these large positional errors.  

There were a few limitations of this study’s design. First, kinematic data collected by the 

motion capture system and the VR system were analyzed in in their respective global coordinate 

systems. The Bland-Altman mean between these measurement systems was negative in the AP 

direction for all tasks, indicating that there could have been a slight misalignment between the 

Vicon and Oculus global coordinate systems. This misalignment could have contributed to the 

increase in positional error found in this study. Future studies should determine a local coordinate 

system for both the Vicon marker trajectories and positional measurements of the Oculus Touch, 

each in reference to the Oculus Rift to improve the evaluation of positional accuracy. This could 

be achieved by placing a three-marker cluster on the Oculus Touch similar to the markerset placed 

on the Oculus Rift in this study (Figure 3.6). Determining the accuracy of the position and 

orientation measurements during dynamic motion when the Oculus Touch is affixed to a robotic 

arm according to the protocol outlined by Jost et al [83], would provide a more accurate analysis 

of the Oculus Touch’s measurements. However, the evaluation of these measurements found in 

the present study aid in understanding how these measurements are impacted during dynamic 

human motion in which they are ultimately intended to quantify.  

Second, there could have been significant level of measurement bias added to positional 

accuracy values by using the position estimated by the model as a gold standard as opposed to the 

Vicon measured marker trajectories. However, we investigated the positional accuracy between 

the model and marker trajectories, and found that the largest RMSE value was 0.96 ± 0.83 cm 

(Table 5.5). This number is considered to be sufficiently small enough to consider the position 

estimated by the model as the gold standard. Third, as joint coordination of the stroke population 

cannot be directly compared to those of healthy participants [66], [86], these results serve as 

comparative metrics to the capabilities of the unimpaired limb. This work us exploratory in nature 

of the feasibility of developing a markerless motion capture system with the Oculus Rift and Touch 

system kinematic data.  

4.5 Conclusion 

This study has evaluated the potential of estimating complex UE motion with the DOF 

measured by the Oculus Rift and Touch system. The positional accuracy of the Oculus Touch 

decreased with increasing task complexity. The accuracy of the Oculus Touch orientation 

measurements are likely dependent on the difference between the participant-specific pose in 

which the Oculus Touch was held compared to the initial pose within the model’s hand.  

Constraints applied to the model should be task specific to optimize joint angle estimation with 

kinematic data measured by this system. While these findings show potential, many challenges in 
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employing this method of markerless motion capture have been identified and require further 

investigation.  
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Chapter 5       Conclusions and Recommendations 

Virtual reality (VR) rehabilitation systems for upper extremity (UE) motor function are being 

designed as an alternative method to overcome the limitations of traditional rehabilitation. 

However, VR rehabilitation has not yet been widely accepted as part of in-patient rehabilitation 

programs. The limited acceptance of these systems can be attributed to the lack of VR system 

designs that incorporate motor learning mechanisms found to be successful during traditional 

rehabilitation, and the lack of methods to quantify patient improvements during VR rehabilitation 

sessions. Consequently, this thesis presented the design and evaluation of a custom VR 

rehabilitation system and investigated the feasibility of predicting UE joint angles from kinematic 

data measured by this VR system in the future. The conclusions of these two studies are outlined 

below.  

5.1 VR Rehabilitation System Design  

This thesis presented a custom VR rehabilitation system composed of an Oculus Rift and 

Touch System and three virtual activities of daily living (ADLs) designed to stimulate motor 

learning mechanisms found in real-world tasks during repetitive task training (RTT). The 

conclusions of this study are the following:  

1) During completion of all tasks, the VR system was found to prompt consistent hand 

displacement involving motion of the complete UE as opposed to a simple wrist flick 

motion.  

2) The VR system’s success in prompting both consistent hand displacement and hand 

displacement primarily in the desired spatial directions for each task may be attributed to 

restricting virtual object degrees of freedom (DOF) to only translation in these directions.  

3) Enjoyment and engagement within the VR environment and familiarity with the virtual 

activities may increase range of motion (ROM) if participants are focused on completing 

the task, which may have been one factor causing participants to reach beyond the 

minimum target distances.  

4) Haptic feedback applied once the minimum target distance was achieved did not appear to 

correct hand displacement to only achieve this distance during all tasks; haptic feedback 

may have been perceived as positive feedback during the most engaging tasks to increase 

ROM.  
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5.2 Predicting UE Joint Angles with the VR System   

This thesis also presented custom biomechanical model designed to estimate UE joint angles 

and the Oculus Touch DOF from the marker trajectories measured by the optoelectronic motion 

capture system. The key findings with regards to the accuracy of the Oculus Touch DOF measured 

by the VR system to the model estimates and relationships between the pose and UE joint angles 

are outlined below:  

1) Accuracy of the position measured by the Oculus Touch compared to the values 

estimated by the model decreased with increasing task complexity, which is likely a 

result of slight adjustments of its pose within the hand that were not measured by the 

retroreflective markers placed on the hand and wrist.  

2) The Oculus Touch’s positional error appeared to be consistent as total hand displacement 

increased in 8 of the 9 spatial directions during each of the three tasks, displayed through 

the Bland-Altman LOA. 

3) The position measured by the Oculus Touch compared to the measurements in three 

spatial directions was not sufficiently accurate to quantify patient improvements during 

VR rehabilitation.  

4) Large orientation errors found between the Oculus Touch’s measured and estimated 

values were likely a result of the misalignment of the Oculus Touch’s pose within the 

model’s hand and the true pose within the participant’s hand. 

5) The Oculus Touch measured pose is determined through the combination of the UE 

joints, which causes challenges in determining how orientation error would impact 

patient improvements.  

6) Varying linear relationships between the Oculus Touch DOF and UE joint angles were 

found between each of the three tasks; however, all tasks experienced significant linear 

relationships between the translation of the Oculus Touch in each task’s primary spatial 

directions and both elevation angle and elbow flexion, with varying strengths.  

7) When developing constraints to a biomechanical model for dynamic UE motion 

measured by the Oculus Touch DOF, a task-specific approach should be applied. 
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5.3 Recommendations  

The following points outline the recommendations that have been presented in this thesis:  

1) Further investigate the VR system’s ability to prompt motion in the primary spatial 

directions designed, a minimum range of motion, and consistent motion, by including the 

following changes to the study design outlined in Chapter 3:  

a. Measure participant response to the VR system during the average length of an in-

patient program (regular daily therapy sessions for a total of 15 hours). 

b. Include a greater number of participants. 

c. Include a diverse participant population that encompass the age range of those 

affected by stroke. 

2) Quantify the effects of the VR system’s design features of haptic feedback, object 

manipulation, and avatar display to rehabilitate motor function through a clinical trial 

conducted on stroke patients that investigates each of these features individually and then 

collectively. 

3) Reduce positional error bias between the position measured by Oculus Touch and the 

values estimated by the model by conducting the comparison of these values after 

converting the kinematic data collected by motion capture system and VR system in 

reference to a local reference frame with respect to the Oculus Rift.   

4) Reduce the orientation misalignment between the Oculus Touch pose within the 

participant’s hand and its pose fused to the model’s hand by developing a method to 

accurately quantify the relationship between these systems. 

5) Investigate potential nonlinear relationships between the Oculus Touch DOF and UE joint 

angles that may be a more accurate representation between these variables during dynamic 

human motion.  
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APPENDICES 

APPENDIX A: ADDITIONAL VR ADLS DEVELOPED 

 Two RTT ADLs were developed in addition to those evaluated in §(Chapter 3) and 

§(Chapter 4), but were not included in the pilot study. Each activity’s diagram (Figure 5.1), 

description of functionality (Table 5.1), and description of motion cycle (Table 5.2) are outlined 

in this section. 

 

Figure 5.1: Isometric view diagram of the activity setup for A) hanging clothes and B) pec fly. The near and far 

spherical targets with diameter of 8.16 cm each were separated by the minimum target distance displayed by the white 

arrow. First person view captured by a single subject completing C) hanging clothes, and D) pec fly. The avatar hands 

assumed a natural grasp pose for each object once the participant pressed the grip button on the Oculus Touch to hold 

the virtual object. Approximate forearm angle of neutral pronation/supination for both activities was naturally 

prompted by the combination of the virtual object and the purpose of the activity. 
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Table 5.1: Description of the Functionality and Setup of Hanging Clothes and Pec Fly  

 

VR Activity 

 

Primary 

Anatomical 

Plane 

 

Interactive 

Object (Plane   

of DOF) 

 

 

   Activity Purpose and Description  

 

Hanging 

Clothes 

 

AP, 

SI  

 

 

Folded Clothes  

(AP, SI) 

An activity in a virtual backyard where 

participants were prompted to grasp a 

variety of virtual clothes and place them 

onto a drying rack. Once the clothes item 

collided with the far target, the item would 

appear hanging on the rack (Figure 

5.1.A,C). 

 

Pec Fly 

 

ML, AP 

 

Pec  

Fly Handles 

(ML, AP) 

A fitness activity where participants 

grasped the left and right handle of the 

virtual pec fly machine and repetitively 

moved the handles to the center colliding 

with the far target, depicted in (Figure 

5.1.B,D). The activity was completed 

while seated in a virtual fitness center. 

 

Table 5.2: Description of the Additional VR System Tasks 
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APPENDIX B: SUBJECT-SPECIFIC RESULTS FOR CHAPTER 3 

Table 5.3: Mean and Standard Deviation (cm) of Hand Displacement for 10 Reach Cycles of Rolling Dough, Bicep 

Curl, and Plate Stacking 

 

Subject 

Rolling Dough  Bicep Curl  Plate Stacking 

Hand 

Displacement  

Enjoyment 

Rank 

 Hand 

Displacement 

Enjoyment 

Rank 

 Hand 

Displacement 

Enjoyment 

Rank 

1 26.44 ± 1.67 1  38.08 ± 4.37 2  12.07 ± 2.97 3 

2 20.94 ± 1.27 1  36.26 ± 1.72 3  16.20 ± 2.53 2 

3 25.40 ± 1.75 1  37.57 ± 2.82 3  20.34 ± 3.51  2 

4 23.66 ± 1.21 2  33.68 ± 3.41  1  17.92 ± 4.70 3 

5 25.73 ± 2.08 1  36.83 ± 3.23 2  39.42 ± 3.59 3 

6 26.40 ± 2.13 3  57.21 ± 8.39  1  35.18 ± 3.30 2 

Grand 

Mean 

 

24.80 ± 2.56 

 

1.5 

  

39.09 ± 9.02 

 

2 

  

23.50 ± 10.70 

 

2.5 
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APPENDIX C: OCULUS MEASURED DATA COMPARISON WITH 

VICON MARKER TRAJECTORIES 

The mean hand trajectory determined by each measurement system was plotted with the 

mean trajectory of the second distal metacarpal marker (Figure 5.2) with the corresponding RMSE 

values between these three measurement systems in (Table 5.4). A significant interaction was 

found between task, plane of motion, and comparison of methods (p = 0.047). Consistent among 

all tasks and plane of motion, RMSE values between the marker trajectory and model estimated 

position of the Oculus Touch were significantly smaller than RMSE values between the Oculus 

Touch measured position and the marker trajectory (p < 2e-16), and the Oculus Touch measured 

position and the model estimated position (p < 2e-16).  

The largest mean RMSE values between the Vicon marker trajectory and the Oculus Touch 

measured position, Vicon marker trajectory and the estimated Oculus Touch position, and between 

the measured and estimated Oculus Touch position of 5.43 cm, 0.96 cm, and 4.48 cm were all 

found in the AP direction during Bicep Curl.  The Bland-Altman mean and limits of agreement 

corresponding to each comparison is also shown in (Table 5.4), (Figure 5.3). 

 

Figure 5.2: Mean position in the ML, SI, and AP directions of the controller measured by the VR system (pink), 

estimated by the biomechanical model (blue), and position of the second metacarpal marker (black). Motion cycle (X-

axis)  represents the reach phase from 0 to 100% of rolling dough (left), bicep curl (center), and plate stacking (right). 
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Table 5.4: Mean of agreement in hand displacement in the ML, SI, and AP directions between 

measurement systems 

 

Task  

 

Direction 

Measurement 

Systems 

(Standard/New) 

 

RMSE 

(cm) ± SD 

 

LOA  

(Min, Max) 

(cm) 

 

Bland-

Altman 

Mean (cm) 

Rolling 

Dough 

ML MES/EST 1.85 ± 1.59 10.79 (-7.48, 3.31) -2.08 

VICON/MES 2.28 ± 1.89 13.64 (-3.47, 10.17) 3.36 

VICON/EST 0.71 ± 0.54 4.05 (-0.75, 3.30) 1.27 

SI MES/EST 1.411 ± 0.88 7.91 (-3.14, 4.77) 0.82 

VICON/MES 1.152 ± 0.88 7.91 (-3.62, 4.29) 0.34 

VICON/EST 0.59 ± 0.56 3.28 (-2.80, -0.48) 1.15 

AP MES/EST 2.42 ± 0.99 8.57 (-1.35, 7.22) 2.93 

VICON/MES 2.63 ± 1.44 8.55 (-6.56, 1.99) -2.28 

VICON/EST 0.82 ± 0.92 2.33 (-0.51, 1.82) 0.65 

Bicep Curl  ML MES/EST 2.13 ± 1.48 9.92 (-7.48, 2.44) -2.52 

VICON/MES 2.17 ± 1.64 11.00 (-2.86, 8.14) 2.64 

VICON/EST 0.59 ± 0.29 3.33 (-1.54, 1.79) 0.12 

SI MES/EST 2.36 ± 1.42 14.45 (-7.64, 6.81) -0.41 

VICON/MES 3.13 ± 1.60 14.45 (-4.02, 10.43) 3.21 

VICON/EST 0.70 ± 0.31 14.45 (-4.43, 10.02) 2.79 

AP MES/EST 4.48 ± 3.40 19.97 (-4.80, 15.17) 5.20 

VICON/MES 5.43 ± 2.44 20.15 (-17.36, 2.79) -7.29 

VICON/EST 0.96 ± 0.83 10.64 (-7.42, 3.22) -2.1 

Plate 

Stacking 

ML MES/EST 3.84 ± 1.89 19.16 (-8.03, 11.13) 1.55 

VICON/MES 4.05 ± 2.30 19.74 (-11.01, 8.73) -1.14 

VICON/EST 0.69 ± 0.52 2.38 (-0.78, 1.60) 0.41 

SI MES/EST 3.13 ± 1.68 12.79 (-6.82, 5.97) -0.42 

VICON/MES 3.59 ± 2.16 12.97 (-4.87, 7.92) 1.53 

VICON/EST 0.79 ± 0.52 12.79 (-5.29, 7.50) 1.10 

AP MES/EST 3.94 ± 1.70 11.63 (-4.19, 7.44) 1.62 

VICON/MES 3.72 ± 1.76 11.32 (-7.10, 4.22) -1.44 

VICON/EST 0.78 ± 0.44 2.91 (-1.27, 1.64) 0.19 

* MES represents the measured Oculus Touch position; EST represents the estimated Oculus Touch position; and 

VICON represents the marker trajectory measured by the Vicon system. 

  



 

 

69 

 

 

 

 

Figure 5.3: Bland-Altman plots of the hand displacement in the ML, SI, and AP directions during the forward reach 

phase of each task. Comparisons between the position of the Oculus Touch measured by the VR system (Controller 

Data) and estimated by the biomechanical model (Controller Estimate), as well as the trajectory of the second 

metacarpal marker (Vicon Marker) are shown. For each reach cycle during all trials, mean hand displacement (cm) 

between measurement systems compared is represented on the abscissa, while the difference in measured hand 

displacement (cm) between systems is represented on the ordinate. Mean difference in hand displacement between 

systems compared (pink) and the limits of agreement (black) are displayed for each comparison. 

A) Rolling 

Dough 

B) Bicep  

Curl 

C) Plate  

Stacking 
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APPENDIX D: ORIENTATION AGREEMENT BETWEEN OCULUS 

MEASURED AND ESTIMATED DATA PER SUBJECT 

Table 5.5: Mean RMSE in Degrees of Oculus Measured Orientation to the Estimated Orientation about the ML, SI, 

AP Axes 

 Rolling Dough Bicep Curl Plate Stacking 

Subject ML SI AP ML SI AP ML SI AP 

1 10.77° 5.67° 5.96° 51.59° 24.33° 34.50° 13.90° 9.37° 6.48° 

2 6.32° 2.33° 4.83° 58.53° 13.61° 48.83° - - - 

3 25.53° 6.05° 24.98° 76.53° 65.24° 44.06° 47.13° 18.72° 19.91° 

4 11.86° 4.88° 6.46° 70.14° 19.07° 53.21° 20.60° 8.97° 3.47° 

5 3.51° 16.34° 12.38° - - - 22.77° 12.21° 10.00° 

6 17.67° 3.29° 11.29° 94.27° 29.71° 85.11° 21.46° 24.27° 6.26° 

Mean 

(SD) 

10.17° 

(4.51) 

8.30° 

(4.58) 

11.49° 

(5.31) 

70.23° 

(20.17) 

15.42° 

(13.81) 

30.05° 

(19.18) 

33.81° 

(8.33) 

13.50° 

(6.34) 

16.10° 

(7.52) 
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APPENDIX E: PEARSON CORRELATION COEFFICIENTS  

Table 5.6: Pearson Correlation Coefficients between Oculus Touch Pose and Joint Angles During Rolling Dough 

Dependent 

Variable  

Independent Variable 

RX RY RZ ROX ROY ROZ 

Plane of 

Elevation 
0.3875 0.6154 0.9350 0.54714 0.4140 0.2666 

Elevation 

Angle 0.4313 0.5663 0.9504 0.571605 0.4151 0.1936 

Shoulder 

Rotation -0.3418 -0.4908 -0.6758 -0.30774 -0.1643 -0.0339 

Elbow 

Flexion -0.3922 -0.4909 -0.9631 -0.62167 -0.4453 -0.2336 

Pronation/ 

Supination 
-0.3248 -0.3830 -0.7612 -0.47414 -0.2726 -0.1557 

Wrist 

Flexion -0.1976 -0.2538 -0.5056 -0.11061 -0.0223 -0.1809 

Wrist 

Deviation -0.1337 -0.1913 -0.4019 0.3333 -0.3098 -0.0315 

Humerus 

Translation 

in X 0.3511 0.4585 0.8417 0.493256 0.2982 0.1798 

Humerus 

Translation 

in Y 0.3511 0.4585 0.8417 0.493256 0.2982 0.1798 

Humerus 

Translation 

in Z 
0.3511 0.4585 0.8417 0.493256 0.2982 0.1798 

RX 
- 0.2674 0.4192 0.312549 -0.2048 0.2848 

RY 
0.2674 - 0.5531 0.036071 0.1283 0.2274 

RZ 
0.4192 0.5531 - 0.591275 0.4880 0.2078 

ROX 
0.3125 0.0360 0.5912 - 0.3352 0.0532 

ROY 
-0.2048 0.1283 0.4880 0.33522 - -0.0434 

ROZ 0.2848 0.2274 0.2078 0.0532 -0.0434 - 
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Table 5.7: Pearson Correlation Coefficients between Oculus Touch Pose and Joint Angles During Biceps Curl 

Dependent 

Variable  

Independent Variable 

RX RY RZ ROX ROY ROZ 

Plane of 

Elevation -0.0479 0.6561 -0.1935 -0.5766 0.0409 -0.2207 

Elevation 

Angle 0.4253 -0.3988 0.3435 0.4292 -0.3258 -0.0663 

Shoulder 

Rotation -0.2943 0.4663 -0.3839 -0.4758 0.1677 0.0931 

Elbow 

Flexion -0.0750 0.9260 -0.8361 -0.9414 -0.0425 -0.7311 

Pronation/ 

Supination 0.1589 0.1934 -0.0561 -0.2125 0.0676 0.2904 

Wrist 

Flexion 0.0073 -0.5396 0.4967 0.5776 0.0996 0.5557 

Wrist 

Deviation 0.4261 0.1436 -0.1864 -0.2172 -0.5732 -0.4630 

Humerus 

Translation 

in X -0.1041 0.5291 -0.2926 -0.4551 -0.1237 -0.3189 

Humerus 

Translation 

in Y -0.1041 0.5291 -0.2926 -0.4551 -0.1237 -0.3189 

Humerus 

Translation 

in Z -0.1041 0.5291 -0.2926 -0.4551 -0.1237 -0.3189 

RX 
- -0.0077 0.0768 0.0199 -0.6466 0.0351 

RY -0.0077 - -0.824 -0.9799 -0.1096 -0.7501 

RZ 0.0768 -0.8241 - 0.8906 -0.0520 0.7261 

ROX 0.0199 -0.9799 0.8906 - 0.0341 0.7200 

ROY -0.6466 -0.1096 -0.0520 0.0341 - 0.1924 

ROZ 0.0351 -0.7501 0.7261 0.7200 0.1924 - 
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Table 5.8: Pearson Correlation Coefficients between Oculus Touch Pose and Joint Angles During Plate Stacking 

Dependent 

Variable  

Independent Variable 

RX RY RZ ROX ROY ROZ 

Plane of 

Elevation 0.2318 0.6295 0.7170 -0.1151 -0.0300 0.1216 

Elevation 

Angle 0.3271 0.3703 0.7763 0.1229 -0.0119 0.1127 

Shoulder 

Rotation -0.4062 -0.4039 -0.2169 0.2378 -0.1225 -0.0910 

Elbow 

Flexion -0.2301 0.0918 -0.9337 -0.5529 -0.0774 -0.1833 

Pronation/ 

Supination -0.2411 -0.2452 -0.4164 -0.0447 0.2882 0.2388 

Wrist 

Flexion -0.0728 -0.0843 -0.2049 0.0703 0.1427 0.0745 

Wrist 

Deviation 0.0773 -0.1063 0.4738 -0.004 -0.0012 0.0277 

Humerus 

Translation 

in X 0.1881 0.6060 0.5879 -0.0855 -0.0898 0.0595 

Humerus 

Translation 

in Y 0.1881 0.6060 0.5879 -0.0855 -0.0898 0.0595 

Humerus 

Translation 

in Z 0.1881 0.6060 0.5879 -0.0855 -0.0898 0.0595 

RX 
- 0.2099 0.1934 0.0093 -0.3116 0.1852 

RY 0.2099 - -0.1422 -0.7917 -0.0006 -0.0799 

RZ 0.1934 -0.1422 - 0.6295 0.1342 0.2061 

ROX 0.0093 -0.7917 0.6295 - 0.0410 0.1353 

ROY -0.3116 -0.0006 0.1342 0.0410 - 0.3308 

ROZ 0.1852 -0.0799 0.2061 0.1353 0.3308 - 
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APPENDIX C: ETHICS REVIEW BOARD APPROVAL AND CONSENT 

FORMS 
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Experiment 1: PARTICIPANT INFORMATION SHEET AND CONSENT  

You are being invited to participate in a research study. This study is funded by the National 

Science and Engineering Research Council (NSERC) Discovery Grant.  

Title of the Study: Virtual Reality Mirror Therapy System for the treatment of hemiplegia in 

those with acquired brain injury: Healthy Participant Study 

Principal Investigator:                                                                Email: 

Dr. Hussein Abdullah, P.Eng                                                       habdulla@uoguelph.ca 

Co-Investigators:  

Steph Hughes   

 

Purpose of the Study 

We will be conducting a clinical trial on stroke in-patients at the Hamilton Health Sciences Centre 

recovering from upper extremity hemiparesis with our novel virtual mirror therapy device. 

Traditional mirror therapy is one method of rehabilitation for those with a loss of motor function 

in the upper extremity caused by stroke and other acquired brain injuries, including hemiparesis. 

This Virtual Mirror Therapy system, using the Oculus Rift virtual reality system replicates mirror 

therapy tasks in a virtual environment. Biomechanical data will be one outcome measures of the 

upcoming clinical trial to quantify patient improvement. The purpose of this study is to validate 

the functionality of the system in collecting biomechanical data from participants and to determine 

the effects of the virtual mirror therapy system on healthy participants prior to patient use.  

Participant Involvement in the Study 

You have been asked to participate in this study as a kind volunteer to ultimately help improve 

rehabilitation systems for patients with hemiplegia. We are seeking your permission to perform 

five Virtual Mirror Therapy activities. This activity involves wearing the Oculus Rift headset, 

holding the Oculus Touch Controllers, and have reflective markers and surface electromyography 

placed on the skin of your upper extremity (hand, arm, chest, and back). We will be collecting 

anthropometric and biomechanical data from you, including: height, age, weight, handedness, 

upper extremity dimensions, and position of the upper extremity during these activities. 
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Risks of Discomfort or Potential Harm  

There is a potential to experience motion sickness while wearing the Oculus Rift. It is 

recommended that participants who normally wear glasses to wear them with the Oculus Rift. If 

motion sickness occurs, please inform us immediately. Skin irritation may occur from the adhesive 

of the retroreflective markers or electromyography, if this occurs please let us know immediately.  

 

Benefits to Participation 

There are a few benefits to participating in this study. Participants may find enjoyment in 

completing the virtual reality activities. Most importantly, participants can help patients with 

hemiplegia recover motor function in the future through the improvement of rehabilitation 

systems, not only our system but many other virtual reality rehabilitation systems being developed 

at this time. Furthermore, participants can add to the body of science.  

 

Confidentiality 

Your identity will remain strictly confidential. Upon consenting to participate in this study, you 

will be assigned a subject number for identification purposes. At the end of the study, the data will 

be shared with other healthcare professionals through research publications and presentations. 

Individual participants and corresponding data will never be identified. All participant data will all 

be stored in either a locked cabinet, and in a secure SLQ database. Your privacy is very important 

to us, and personal information will always remain confidential. 

 

Participant Rights 

This research project has been reviewed and approved by the Research Ethics Board of Hamilton 

Health Sciences and the University of Guelph. Participation in the study is voluntary, it is your 

right to refuse participation, refuse to answer any question or withdrawal from the study at any 

time without judgement or penalty.  If you have already completed a consent form and you change 

your mind about participation, please contact the researcher and ask to have your data removed 

from the study. 

 

Who to Contact for more Information 

You will be given a copy of this information sheet. If you have any questions about participating 

in this study, please contact either Steph Hughes shughe02@uoguelph.ca, or Dr. Hussein Abdullah 

habdulla@uoguelph.ca 

mailto:shughe02@uoguelph.ca
mailto:habdulla@uoguelph.ca
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CONSENT STATEMENT  

I have read (or someone has read to me) and understand the information provided above. I have 

been given an opportunity to ask questions and all my questions have been answered to my 

satisfaction. I understand I will be given a copy of this signed form.  

 

BY SIGNING THIS FORM, I WILLINGLY AGREE TO PARTICIPATE IN THE 

RESEARCH IT DESCRIBES.  

 

Name of Participant  

 

 

Name of Legally Authorized Representative (if Applicable) 

 

 

Signature of Participant (or Legally Authorized Representative)                                      Date 

Consent form administered and explained in person by: 

 

 

Name and title 

 

 

Signature                                                                                                                                Date 

SIGNATURE OF INVESTIGATOR  

In my judgement, the participant is voluntarily and knowingly giving informed consent and 

possesses the legal capacity to give informed consent to participate in this research study.  
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Name and title  

 

 

Signature of Investigator                                                                                             Date 

 


