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ABSTRACT 

Neuromuscular and sensorimotor degeneration can negatively impact and reduce the 

physical, cognitive, and social well-being of an individual across their lifespan. Therapeutics 

interventions are vital to restore the lost degrees-of-freedom (DOF). However, the performance 

and the outcome of each intervention are highly dependent on several factors including the task, 

the frequency, and the mindset that the patient has towards the training. This thesis is focused on 

studying the efficacy of two of the commonly used upper limb rehabilitation techniques. The two 

therapeutic tasks selected are object manipulation which is similar to a pick-and place task and 

elbow flexion-extension which is similar to a bicep curls task. These tasks were performed with 

1kg and 2kg weights. The same tasks were also designed and performed in a virtual reality 

environment for comparative analysis.  

Twelve subjects were recruited for this study. The electromyography signals from the 

muscles during these tasks were collected along with the trajectory of the hand with an inertial 

measurement unit (IMU). The EMG data was analyzed for the three-way analysis of variance test 

and also calculated for the root mean square. It was found from the ANOVA test that the ‘tasks’ 

were statistically significant with F(1.214, 13.358) = 10.073, p = 0.005 and the groups ‘VR and 

without VR’ were significant with F(1, 11) = 5.467, p = 0.039.  The obtained results pointed out 

that there exists an effect of certain tasks on the muscles and this effect is comparatively more 

when the tasks are performed using virtual reality environment. This study was successful in 

understanding the efficacy of the two upper limb rehabilitation tasks which concluded that the 

object manipulation task had more positive effects on the muscles than the elbow flexion-extension 

task especially when implemented in a virtual reality environment. This finding contributes 

towards having a better rehabilitation method in the future when similar scenario is considered.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background and Motivation 

During a physical rehabilitation process, the patient undergoes repetitive task training 

(RTT) with specific exercises that focus on specific and targeted muscle groups.  The RTTs are 

proven to be effective during the rehabilitation process especially for patients with motor 

impairments[1, 2]. During a therapeutic task, the electromyography (EMG) signals of the muscle 

involved in that task represent the performance of the muscle. The interpretation of the EMG data 

is used to assess the improvement  or the progress of the muscle throughout the physical therapy 

[3]. The utilization and interpretation of EMG signal in rehabilitation has proven to be of 

significant use from a long time[4-8]. With the technology developments in the past decade, it has 

also been pointed out that, utilizing artificial intelligence along with the classical EMG signals to 

detect the user’s intent while in an activity of daily living, can be used as an additional channel to 

expedite the physiotherapeutic process[9-12].  

The recent trend in medical rehabilitation involves the use of computer graphics that aid in 

delivering realistic 3D views of any specific environment, ultimately contributing towards an 

effective therapy[13-19]. This advancement in the simulated 3D environment, that can be 

customized, felt, and improved with the user’s feedback has been widely accepted and this method 

is called as Virtual Reality. Virtual reality is an experience, where the user is immersed in a 

computer simulation that appears and feels similar to real-world environment. This provides an 

opportunity for the user to experience anything imaginable even if it is difficult to achieve it in 

real world. Virtual reality has been considered as an effective way of modern therapy as it provides 

an opportunity to the subject or the user to practice the activities of daily living in an controlled  
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environment, such as a hospital setting or patients home, where the equipment or the 

physiotherapist necessary for the training might not be readily available[20-22]. Since its 

inception, VR has found extensive use and application in military, medicine, academia, research 

and more [23-26].  Although, generous amount of work has been done to prove VR to be useful in 

rehabilitation, its effect on muscle performance and EMG signals and its relationship with the 

patient’s recovery speed needs to be worked upon[27-29]. VR is still a blooming field in medical 

rehabilitation and  has its own limitations such as latency of the VR system[30], difference in 

perception of distance in VR compared with the real world, low to mild symptoms of motion 

sickness and related scope for improvements[31, 32].    

As the technology advances, it also becomes an integral part of our everyday life. This 

common fact is also true for the application and use of virtual reality systems in medical 

rehabilitation[32]. Thus, it is important to know and assess the quality of perception of VR by its 

targeted user, and to quantify the direct effects of virtual reality on the user. Furthermore, in most 

cases of upper limb motor impairment rehabilitation, knowing the effects of VR on the user’s 

muscle will help in sorting the ambiguous issue of dosage of a therapeutic task that is required for 

proper rehabilitation. Also, having a known relationship of virtual reality on a human, no matter 

in what terms of clinical parameters, will help to design and develop better device in the future 

that could address the present limitations and could aid in the progress of performance of the user. 

While there are multiple clinical parameters such as EMG, EEG, or simply the user’s overall 

progress in terms of muscle strength to complete a task, that are known to assess and evaluate these 

relationships, in this study electromyography (EMG) is chosen because of availability of necessary 

equipment and ease of data collection and analysis.  
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It is suggested from some studies that the muscle activity is comparatively high when 

performing the tasks in VR than without the VR [33] However, these studies were performed for 

only single muscle group, which slightly suggested the increment in the muscle activity. The 

hypothesis made in this study is that the users show increased rates of muscle activity while 

participating in a therapeutic task in a virtual reality environment than performing the same task 

without any virtual assistance for three muscle groups (i.e., biceps, triceps and brachioradilis). The 

difference in the EMG data of the user in a virtual environment versus the real-world conditions 

can be utilized to assess and evaluate the muscle activity and ultimately can be considered to 

recommend a more reliable and suitable way of therapy in terms of dosage of treatment and 

preferable task. 

1.2 Research Objective 

The main objective of this research is to assess the efficacy of commonly used existing 

physiotherapy tasks for upper limb rehabilitation and compare them with same tasks performed in 

a virtual setting. Furthermore, this study consists of the following tasks: 

• Integration of the physical therapeutic task with virtual reality and study its effects on 

physical rehabilitation for upper limb by comparing the muscle activity during the 

physiotherapeutic task both in reality and in virtual reality. 

• Statistical evaluation of the physiotherapeutic tasks performed both with and without 

virtual reality to find the significant relations of the tasks on the muscles.  

1.3 Organization of this Thesis  

The background and problem description are presented in Chapter 1 where the current 

challenges of the use of virtual reality for rehabilitation are presented. Chapter 2 presents the 
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literature review of upper limb rehabilitation tasks and the present robotic devices for upper limb 

rehabilitation. Also, the literature review on VR and EMG is presented that focuses on their 

relevance in medical rehabilitation. Chapter 3 talks about the research methodology adapted, the 

experimental setup and describes the analyses performed. The results are presented and discussed 

in Chapter 4. The conclusion and future recommendations are presented in Chapter 5. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Upper Limb Rehabilitation 

The human arm is one of the most essential part of the human body with which the activities 

of daily living (ADL) such as eating, drinking, bathing and mobility are accomplished. Due to 

various major reasons such as aging, musculoskeletal and/or neurological conditions, cognitive 

decline and also because of some other factors such as aftereffects of medications or acute illness, 

the human arm is negatively affected [34-36]. This directly affects the performance of the ADL 

resulting in a difficult lifestyle. In order to mitigate any further negative effects of the disability 

and to help the patient recover, it is necessary for the patient to undergo a physical therapy 

program. A physical therapy mostly comprises of performing a set of targeted exercises and 

training on replicating any ADL. This practice when combined along with appropriate set of 

measures that aid in regaining or improving abilities required for the activities of daily living, is 

called rehabilitation. The World Health Organization defines rehabilitation  as “a set of measures 

that assist individuals who experience, or are likely to experience, disability to achieve and 

maintain optimal functioning in interaction with their environment” [37]. It is also suggested that 

beginning the rehabilitation process in the early stage of developing a disability can result in better 

functional outcomes [38-41].   

The upper limb rehabilitation can be broadly classified into two parts. First comes the 

physiotherapy of the affected part of the limb i.e., the wrist, hand, arm or the entire limb, through 

practicing the assigned targeted tasks and exercises. Second, is the consideration of the human 

factors such as physical, emotional and psychological conditions. It is evident to note that, the 

psychological factors are as important as the physical exercise in a rehabilitation setup. Moreover, 
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human factors also include ergonomics, user safety, product design, human-computer interaction 

etc. The ADL’s are affected by the human factors when considering rehabilitation. The physical 

design, accessibility and the inter-actions during the rehabilitation affect the activities performed 

as much as the other mental factors do. Also, the fact that patients undergo depression and could 

feel or find it difficult to complete the therapeutic exercise, at any point during the rehabilitation 

program, is one of the many reasons to equally weigh all the human factors[42]. Both the parts are 

equally important for a successful rehabilitation [43-47]. Furthermore, a rehabilitation program 

can have provisions for, devices that assist to move and function, therapy to improve cognitive 

skills, various kinds of counselling sessions such as mental health counselling, nutritional 

counselling etc., practices to improve and develop the emotional well-being and sometimes there 

can also be an option to relearn or build skills required to go to school or job[48]. 

The most common practices or interventions prescribed and practiced during the upper 

limb rehabilitation are arm training (bilateral or unilateral), biofeedback practice, brain 

stimulation, electrical stimulation of the muscle, mirror therapy, music therapy, repetitive task 

training, strength training of the affected muscle, training exercises for reposition of the joints and 

muscle length and virtual reality[49].  In addition, the popular  repetitive therapy tasks such elbow 

flexion extension, pick and place of object, reaching and grasping of object, hitting a predefined 

target etc., are also in practice as [50, 51].  

2.2 Robotic Devices for Upper Limb Rehabilitation   

For a successful rehabilitation or therapy of the human upper limb, continuous and 

monitored assistance from the physiotherapist is necessary. The assistance and guidance from the 

therapist have a major role in the training of the patient. It is a matter of fact that, as the number of 

patients increase overtime it gets difficult and challenging for the therapist to keep a track of all 
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the patients and gauge their performance and amount of assistance required. So, the need for 

robotic devices in the domain of rehabilitation arises and is being met [52-57]. Generally, the 

robotic devices available for rehabilitation are classified as end-effector robots and exoskeleton 

robots based on the joint alignments of the robot and the user[52, 58]. In the end-effector robotic 

devices, there is no alignment with the human joints and the robot joints [59-61]. They are basically 

designed to perform certain motion by following a trajectory. These could be re-programmed to 

change the motion as desired, within its range. Some of the popular end-effector robots in 

rehabilitation include the MIT-MANUS[62], NJIT-RAVR[63], UR5[64] etc. On the other hand, 

the exoskeleton robots have a one-on-one joint alignment with the human body. These are vastly 

used in rehabilitation clinics and medical research[65]. An important limitation of this type of 

robotic device is that it poses a potential threat of joint misalignment in terms of fitting and 

safety[57, 66-69]. The exoskeletons developed for upper limb rehabilitation include the 

HEXORR[70], ULERD[71], CABXLexo-7[72], ARMin[73] and many more[74]. Even though, 

these two types of robots serve the same purpose, they are different in their design. When the joint 

based robots try to mimic the human joints, the end-effector or task-based robots focuses more on 

the task trajectory without caring about the joint alignment.      
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Figure 1: ARMin robot exoskeleton in use [75]. 

2.3 Virtual Reality in Rehabilitation 

The use of virtual environment for multi-purposes began in the 1950’s[76], and over the 

decades of its discovery and  experimentation, it is now defined as, ‘a medium composed of 

interactive computer simulations that sense the user’s pose and actions and replace or augment the 

feedback to one or more senses, to ultimately aid in giving a feel of being mentally present in the 

simulation’[77]. In simple words, Virtual Reality (VR) can be described as a three-dimensional 

environment that is simulated by a computer, where the user can interact with the simulation, 

without caring about the level of reality. That means, the user can perform tasks that are difficult 

to achieve in the real world due to various restrictions and limitations. Generally, based on the 

level of immersion of the virtual reality system, it is classified into three categories[78, 79]. The 

first is the fully immersive type where the user is completely immersed in the virtual environment 
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along with the with audio and video. Here, the equipment needs to have a head mount display or 

VR enabled goggles and an audio speaker to be fully immersed in the virtual environment[80]. 

Few examples of fully immersive type include the CAVE system, Samsung Odessey+ HMD, 

Oculus Rift S etc. The second type of VR system is called as semi-immersive system. Here, the 

user is allowed to experience the virtual environment without being disconnected from the physical 

surrounding[81]. It is mostly used in simulators, such as flight simulators etc., mainly for 

educational and training purposes. The third type of the VR is called as non-immersive VR system 

because of its property of allowing the user to be fully connected and be aware of the physical 

surroundings[78, 82]. A good example for this category is the video gaming consoles, where the 

user can only provide the input for a definite output from the 3D display, and still be aware of the 

physical environment.  

The present technology has made the applications of virtual reality system vast and 

numerous. It has been used to train and educate people for various purposes such as, space trip for 

astronauts, medical surgical process for doctors, flight simulation for pilots etc [83-86]. The 

application of VR to visualize things at the molecular level is also noteworthy. Moreover, it is 

widely being used by architects to develop and inspect models, mechanical designers in the 

automobile industry, gamers, therapists, teachers and students and in military etc. As evident in 

any developed technology, VR has its own pros and cons. While its applications are numerous and 

that makes the job easy, questions and doubts arise when considering its effectiveness on any given 

application. Q. Zhao [87] made an effort to list down the various short comings of VR applications 

in terms of modeling, complexity, model credibility and similarity, image quality and integration, 

rendering, material behavior and performance. Similar notes have been provided in [30, 31, 88-

94]  mainly in the domain of engineering and medicine. These observations and facts imply that 
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more advanced research is yet necessary to determine the specific effects of virtual reality on 

rehabilitation and to assess its effectiveness. 

 

Figure 2: Non-Immersive virtual reality equipment in use[95]. 

In the rehabilitation domain, virtual reality has been used as a tool for treatment of various 

physical [38, 39, 46, 95-99] and mental [45, 46, 97, 100-104] deficits. This has been topped up 

with its use in the training of the ADL[105-110] and also in treating phobias and pain reducing 

practices, amongst many others[111, 112]. As described by Carrozzo et al. [113], the application 

and utilization of virtual reality in rehabilitation allows to create a synthetic environment with 

precise control over a large number of physical variables that has influence over the behavior and 

perception, all while recording the physiological and kinematic responses. One major reason 

amongst the many others for the application of virtual reality system in rehabilitation is because it 

aids in the proper follow up of the repetitive tasks by keeping the tasks uniform for trial, which 

also means there is supposedly less deviation from the ideal path of the task[95]. The repetitive 

task training has shown significant improvements in the performance of patients subjected to post 

stroke rehabilitation[2, 51, 114, 115]. And thus, the virtual reality systems could help the user to 

perform the therapeutic tasks while playing the role of the physiotherapist and the therapist could 
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actually monitor the patient remotely. Moreover, evidence from various studies and research 

suggest that, implementing the VR in rehabilitation could improve the rate of performance of the 

subject[116-118]. However, there is little literature to relate the use of VR in rehabilitation and 

obtaining better or improved muscle activity.        

2.4 Electromyography and its Relevance to Medical Rehabilitation 

The technique of acquiring, recording, and analyzing the myoelectric signals from the 

muscle is termed as electromyography (EMG). The biomedical signal that measures the electric 

activity obtained from the contraction of the muscle during a neuromuscular activity is called as 

EMG signal. Technically, the muscle generates electric activity only when it is ‘working’ i.e., 

when it contracts, either slightly or fully. This fact forms the base for the acquisition and analysis 

of the EMG signal. There exists ‘Neurological EMG’, where the muscle is artificially excited by 

an external electrical stimulation that is purely based on static conditions and ‘Kinesiological 

EMG’, where the electrical activity of the interested muscle or muscle group is acquired during 

any postural tasks, functional movements or training regimes [119]. However, this study is based 

solely upon the results and analyses made using the kinesiological EMG data.  

EMG data acquisition is mostly done using either intramuscular electrodes like needle 

sensors or non-invasive electrodes like surface EMG sensors[120]. The data acquired using these 

techniques is called raw EMG data. The raw EMG data is composed of motion artifacts, crosstalk, 

external and internal noise, and the useful signal. For a meaningful EMG signal processing and 

analysis, only the useful EMG signal is used. This is done in steps such as, but not limited to the 

following, finding the fast Fourier transform (FFT) and selecting the cut-off frequencies to filter 

the data, filtering and rectifying the data, normalizing the data to make it comparable with other 

participants[121, 122].  
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The major factors that affect the quality of the EMG signal are motion artifacts, tissue 

characteristics, physiological cross talk, noise from electronic equipment and baseline noise[119, 

123]. Motion artifact noise is developed when there is undesired movement between the electrode-

skin interface. Although this cannot be completely removed, it can be minimized by preparing a 

neat skin-electrode area and using appropriate filtering techniques[123-125]. Tissue characteristics 

or also called as muscle properties, contribute towards obtaining correct EMG signals[119, 126, 

127]. It depends on the overall characteristic of the tissue that is in between the sEMG electrodes 

and the muscle, whether the signals acquired are legit or contaminated. For example, if the tissue 

is separated with large area of fat, then the obtained EMG signal will be highly contaminated and 

could be of little use. Other tissue properties that affect the quality of EMG signal can be anything 

from temperature to thickness of the muscle-skin duo. Cross talk from other muscles is produced 

when the EMG electrodes detect the electric activity of the neighboring non-active muscle. Some 

of the classic techniques to reduce cross talk are mathematical differentiation of the myoelectric 

signal[128], decreasing the cross-sectional area of the electrodes and others are found in [128, 

129]. Considering the external noise, it is known that every electronic equipment produces or 

generates noise that cannot be eliminated[130-132]. This external noise could  be reduced by 

filtering techniques, equipping excellent quality components and smart circuit designs that 

ultimately provide desired signal-to-noise ratio. Like the rest, the baseline noise also adds 

unnecessary data while acquiring EMG signal. This could be mainly because of the continuous 

exchange of ions between the electrode and the skin over the muscle. This noise is evident even 

while the muscles are relaxed. It is important to consider that the baseline noise can easily get 

amplified with the useful signal, as this is present throughout the signal acquisition process. A 

good practice to reduce or decrease the presence of baseline noise is to properly clean the surface 
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area of the electrode and as well as the skin with alcohol prep pads and to make sure there is little 

or no dirt, sweat, dead skin particles present. These noises and more could be reduced by adapting 

appropriate filtering techniques such as band pass filtering, adaptive noise cancelling, wavelet 

analysis [130, 131] etc.  

At a larger scale, EMG has various significant applications. These include, but are not 

limited to, sports medicine, human movement dynamics, controlling of prosthetics, neurological 

rehabilitation, physical therapy etc[121, 133-135]. In medical rehabilitation domain, the 

techniques of EMG signal analyses are mainly implemented to interpret the patient’s performance 

in a therapeutic task, to achieve an efficient physical therapy, to practice and regain confidence in 

the activities of daily living (ADL) and also to monitor and assess the post-accident and 

neurological therapy. Moreover, EMG signal analysis has found to be useful and significant in, 

controlling of robotic hand exoskeletons[136-138], training and assisting of specific tasks for 

stroke rehabilitation[2, 3, 5, 139-141] and also in controlling rehabilitation-robotic devices using 

pattern recognition feature and incorporating machine learning[7, 139, 142, 143]. 
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CHAPTER 3 

EXPERIMENTATION 

3.1 Research Methodology 

This study consisted total of 12 healthy subjects without any musculoskeletal disorders and 

included 3 female participants and 9 male participants. The subjects had a mean age group of 

24.6±2.52 years and only right-handed participants with normal or corrected vision were included. 

 This experiment was based upon a pilot study that was conducted to identify the muscles 

involved, ideal weights and the ideal duration of trials. This study consisted of two main categories 

of data collection process. The first set of experiments were done in the real-world setting and with 

the specific weights of 1kg and 2kg. The second set of experiments were done by placing the 

participant in a virtual environment with same specific weights. Even though the participant was 

experiencing the virtual environment, the tasks were performed in real world too. The main 

research procedure is presented in Figure 3 below.  

The subjects were selected after the initial phone screening. Subjects with poor vision and 

history of motion sickness were rejected. On the day of experiment, the subjects were briefed with 

the purpose of the study and detailed with the tasks to be performed. An introduction on how to 

use the experimental equipment was provided by the researcher that stressed on the physical 

position that had to be maintained throughout the experiment towards a consistent data collection 

process. Three EMG sensors were placed on the right upper limb of the participant and the IMU 

sensor was placed on the weight handle that was used for object manipulation and the elbow 

flexion-extension task.  
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The tasks that were performed were elbow flexion-extension and object manipulation. The 

object manipulation task was performed similar to picking an object from point A and placing it 

at point B. The elbow flexion-extension task was performed similar to a bicep curl. These tasks 

varied in terms of weights of 1kg and 2kg. For any one task, the participant was instructed to 

perform that particular task for two minutes. After every trial, the subject was instructed to relax 

for at least 2 minutes, so as to avoid muscle fatigue due to continuous activity. Every subject spent 

approximately an hour to both learn and perform the tasks. The subjects were made aware that 

number of repetitions were not important as much as the consistency of the speed of performing 

the task under two minutes. The rule was to perform the tasks comfortably without stressing on 

the number of repetitions. The subjects first performed these tasks without any virtual assistance. 

Later, they performed the same set of tasks in the same order with the VR set. 

 

Figure 3: Research procedure followed in this study. 
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A virtual environment was built that resembled the experiment set up in the experiment 

hall, but with different ambience. The virtual scene consisted of a table which had an obstacle at 

the center of point A and point B, that were marked especially for the object manipulation task in 

VR. The weight handle was placed on the obstacle. Also, it had couple of colored balls and blocks 

for the subject to play around with the VR environment.  Subjects were taught to use the VR 

headset and were allowed to get familiar with the set up before collecting the data. Once they were 

familiar with the virtual environment, they were instructed to repeat the same tasks that were 

performed previously, and the same type of data was collected.  

The experiments involved in this study were designed to accommodate mainly two types 

of data. The first was Inertial Measurement Unit data which provided the position of the path 

travelled during any activity and the second was human muscle activity data.  Figure 4 provides a 

general pictorial representation of the data acquisition and analysis methodology adapted in this 

study. 

The EMG data and IMU data were both collected during the data collection process. The 

Delsys Trigno Wireless EMG sensors were used along with the Delsys EMGWorks Acquisition 

application to collect and store the EMG data. The EMG data was collected from three muscles, 

i.e., biceps brachii, triceps brachii and brachioradialis. The IMU data was collected using 

Polhemus G4 IMU sensors using the Polhemus PiMgr data acquisition software. The IMU sensor 

was placed on the weight handle to track its position while performing the task. 
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Figure 4: Flow chart representing the methodology.  

For the trials involving virtual reality environment, Oculus Rift S virtual reality headset 

was used. Similar experimental setting was developed in Unity game engine which had the two 

tasks in a single scene, allowing the subject to navigate throughout. Rest of the configurations were 

same as for the non-VR tasks. The weight of the VR controller was not considered during the 

experiments as it was less than half pound and did not make any difference while performing the 

tasks. Same methodology as stated above was followed for the VR tasks as well.    

 To draw useful information from the collected data and to make it ready for further 

analysis, it was processed in multiple steps. The EMG data was acquired and stored in the .hpf file 

format which was later exported to .csv file format from the EMG Data Analysis software. It was 

then sorted in Matlab as per the need of the analyses performed. The basic signal processing 

methods such as filtering the data and full wave rectification were performed. The IMU data was 

Comparison Study
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individuals throughout the experiment 

Data Analysis and Interpretation

Analyzing the processed data to validate 
the path travelled

Analysing the processed data in time and 
frequency domain. 

Data Processing
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activity data 

Data Acquisition
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exported to .csv file format at the time of saving the recording and then imported to Matlab for 

further analysis.  

To analyze the processed data multiple techniques were adopted for both types of data. For 

the EMG data, along with the signal processing techniques such as filtering and rectification, the 

root mean square of the data was calculated. As a part of statistical analysis, three way repeated 

measures ANOVA was carried for on the EMG data of the subjects in the IBM SPSS statistics 

software. The mean values of the filtered EMG data were tabularized for each muscle during 

different tasks for every subject both with VR and without VR. All these analyses provided 

significant results to compare the performance of the participants over the period of trial.   

3.2 Experimental Setup 

The entire experiment was followed by a protocol that was developed to include and retain 

the data desired for the study. Screening questions pertaining to health such as, whether the 

participant had any history of musculoskeletal disorder or neurological disorder, whether the 

participant experienced motion sickness before, and physical behavior of the participant such as 

whether the participant was right-handed or left-handed, whether the participant had history of 

vision correction etc., were used to qualify the participant for the study. Participants with excessive 

hair over the interested muscles were eliminated during the screening process. Once the subject 

was chosen as qualified, they were asked to enter the experiment hall. Then the subject was briefed 

about the experiment and was also allowed to perform a practice of the tasks. Next, the participant 

was geared up with the sEMG sensors. This required the experimenter to first clean the muscular 

region with alcohol prep pads before placing the sensors so as to eliminate any motion artifacts 

that are potentially caused by the dead skin cells, dirt, excess hair etc. The muscles that were 
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targeted in this study were biceps brachii, triceps brachii and the brachioradialis, as these muscles 

are highly active during the upper limb therapeutic tasks. 

Figure 5 shows the experimental setup with different components. The muscles targeted in 

this study were biceps brachii, triceps brachii and brachioradialis, as shown in the above image. 

The point A and point B were marked with markers and the obstacle was placed at the center of 

point A and point B. Also, the weights were marked as shown in the image. Figure 6 represents 

the subject performing the object manipulation task. The weight handle was attached with an IMU 

sensor to track its position while the subject performed respective tasks. Figure 7 shows the subject 

while beginning to perform the elbow flexion-extension task. 

 

Figure 5: Experimental setup showing the various components. 
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Figure 6: Subject performing object manipulation task. 

 

Figure 7: Subject performing elbow flexion-extension task. 
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The virtual reality environment was designed and developed as a computer 3D game to 

accommodate the two tasks in one single scene, just like the real-world setting. To develop the 

virtual reality environment UNITY 2020.3.2f1 game engine was used. The headset used for the 

VR tasks was Oculus Rift S that had two wireless touch controllers to interact with the virtual 

environment. An addition in the VR tasks was that of audio input where, an upbeat soundtrack was 

played in the virtual scene. This was done to motivate the participant while performing the 

therapeutic tasks. The participant was allowed to sense and interact with the virtual environment, 

all while performing the object manipulation task and elbow flexion extension task in reality as 

well.  

A snap from the virtual reality environment is shown in Figure 8. The experiment table is 

seen with clear markings of points A and B along with the black weight handle and an obstacle. 

For the subjects to get familiar with the VR few balls were designed, and the subject was instructed 

to play around by tossing the ball at the targets set at some random distance. 

 

Figure 8: Virtual reality environment as seen by the user. 
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Figure 9: Subject performing object manipulation task in virtual environment. 

 

Figure 10: Subject performing elbow flexion-extension task in virtual reality. 
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Figure 9 shows a subject in the virtual environment while performing the object 

manipulation task, i.e., picking the weights from point A and placing it on point B. The virtual 

environment was also visible to the researcher who made sure the subject performed the tasks 

correctly. Figure 10 shows the subject while performing the elbow flexion-extension task. 

To accommodate the Oculus Rift S touch controller, a handle was designed in SolidWorks 

and 3D printed with the MakerBot Z Replicator 3D printer using PLA filaments. Figure 11 shows 

the image of the handle. For the tasks that did not require VR, the touch controller was simply 

removed from the handle. The VR headset and touch controllers used are shown in Figure 12. 

 

Figure 11: Weight handle designed to accommodate the touch controller. 



 

24 

 

 

Figure 12: Oculus Rift S virtual reality headset and touch controllers. 

The EMG data was collected using Delsys Trigno wireless sensors and EMGWorks 

Acquisition software. Figure 13 shows the EMG sensor hardware equipment and the surface and 

electrodes of the sensor that comes contact with the human skin. The IMU data was collected using 

the Polhemus G4 sensor which is shown in Figure 14. 

 

Figure 13: Delsys Trigno wireless EMG sensors. 
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Figure 14: Polhemus G4 IMU sensors. 

3.3 Data Pre-Processing 

The raw data collected from the Delsys Trigno EMG sensors at the sample rate of 1926 

frames per second were first exported to .xlsx file format. This contained 4 channels i.e., EMG and 

accelerometer X, Y, Z data for every sensor. Only the columns including EMG data were imported 

in Matlab R2020a for further steps. Using the Fast Fourier Transformation (FFT) the cut-off 

frequencies for the sample were determined to be 10 Hz as the high pass cut off and 180 Hz as the 

low pass cut off. The data was then filtered using a fourth order Butterworth function which was 

followed by a full wave rectification of the filtered data. These steps were automated for all the 96 

files which took around 50 minutes of processing time.  

The arithmetic mean values of the filtered EMG data were calculated and the results were 

tabularized in MS Excel. It was structured such that the rows represented the subject number (i.e., 

12 in this study) and the columns represented the specific muscle in a specific task both for VR 

and Non-VR groups. This table was then imported in IBM SPSS Statistics software for the 

statistical analysis of the EMG data.  
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The IMU data obtained from the Polhemus G4 data acquisition software was collected at 

the sampling frequency of 125 Hz. This was then exported into MS Excel document for every trial. 

For this study, only the position data in inches (i.e., X, Y, Z axes data) of the trajectory traced was 

imported to Matlab R2020a.  

3.4 Data Analysis Techniques 

In this study, the EMG and IMU data collected was analyzed for different test and 

calculations. First, the IMU data was analyzed for path validation. That means, the path travelled 

by the subject during the tasks without VR and then during the tasks with VR were plotted to see 

the differences, if any. The protocol for this study was set to have very similar environment settings 

for both the groups of tasks. The path validation analysis would make sure that a nearly same path 

is traced by the subject in both the real and virtual environment to complete any task.  

The EMG data was analyzed to find the peak values of the muscles during the experiment. 

Initially, the pre-processed EMG data was calculated for the root mean square (RMS) analysis 

using the Delsys EMGWorks Analysis application. The RMS calculation provides useful 

information on the amplitude of the muscle activity, which can be analyzed and compared by 

plotting the results. It basically represents the square root of the mean value of the EMG signal for 

a specific period of time.  The window length was set for 3 seconds, and the window overlapping 

was set to 0.0625 seconds. This setting helped to obtain smoother curves while plotting, which 

helped in accommodating all the three muscles for a task both with VR and without VR. This 

provided insight on the muscle activity which was considered in comparing the data for the two 

groups. Further, this calculation was done on all the 12 subjects for all the tasks.  

Two types of statistical tests were conducted on the EMG data set to obtain the relation 

between the three dependent variables as shown in the TABLE 1 below. The first was the repeated 
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measures three-way ANOVA. This test is used to find out if there is any statistically significant 

relation or effect that exists between the three independent and the dependent variables. First, the 

data was tabularized for the three specific muscles that was involved in all the four tasks when 

performed both with VR and without VR. Next, it was imported into IBM SPSS statistics software. 

Here, the repeated measures analysis was conducted by defining the within-subject factors (i.e., 3 

dependent variables) and specifying the number of levels for each factor (see TABLE 1). The two 

main assumptions here were that the data set had normally distributed residuals and it had 

homogeneous variance. The data was tested for these assumptions and then continued with the 

test. The Mauchly’s test of sphericity showed that the assumption of sphericity had been violated 

(p < 0.05 for all cases). And thus the Greenhouse-Geisser corrected values were used. The 

histogram chart was plotted to check the normal distribution of the residuals. The histogram 

showed the normalized curve (i.e. the bell shaped curve) over the residuals plotted for different 

variables. It was found that the standardized residuals were normally distributed. The descriptive 

statistics and the estimates of effect of size were selected to be shown in the output. The confidence 

interval adjustment was set to ‘Bonferroni’ type to compare the main effects of the within-subject 

factors under the estimated marginal means section. The test was run, and the results were obtained 

for Mauchly’s test of Sphericity, the main effects of the dependent variables and the pairwise 

comparison of the dependent variables. The line plot analysis was also conducted for the tasks 

performed in VR and without VR and the visual effects of the data were noticed. These plots 

further validated the ANOVA results.  
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TABLE 1 

DEPENDENT VARIABLES USED IN THE STATISTICAL ANALYSIS 

Dependent Variables Levels Description of Levels 

 

 

Tasks 

T1 Elbow Flexion Extension with 1kg. 

T2 Elbow Flexion Extension with 2kg. 

T3 Object Manipulation with 1kg. 

T4 Object Manipulation with 2kg. 

 

Groups 

VR Tasks done with virtual reality. 

NVR Tasks done without virtual reality. 

 

Muscles 

M1 Muscle Biceps Brachii. 

M2 Muscle Triceps Brachii. 

M3 Muscle Brachioradialis. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Path Validation 

The position of the weight handle was tracked by using an Inertial Measurement Unit. The 

data was then plotted in Matlab to compare the path traced by the subject while performing the 

tasks with and without VR. The path traced while using VR is shown in blue color and the path 

traced without using VR is shown in orange. It was clear from Figure 15 and Figure 16 that the 

path traced by the subjects were similar, which validates the experimental setup for VR and without 

VR groups.  

 

 

Figure 15: Path travelled by a subject while performing the object manipulation task. 
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Figure 16: Path travelled by a subject while performing the elbow flexion-extension task. 

4.2 EMG Signal Analysis 

The results obtained from the EMG signal analysis were plotted for every subject for all 

the four tasks. The differences between the tasks performed with VR and without VR are distinct 

and clearly seen. For the tasks performed without VR, the muscle Biceps brachii is shown in blue, 

the muscle Triceps brachii is shown in green and the muscle Brachioradialis is shown in red color 

in thin lines. Similarly, for the tasks involving VR, the muscle Biceps brachii is shown in blue, the 

muscle Triceps brachii is shown in green and the muscle Brachioradialis is shown in red color in 

thick lines. The y-axis shows the muscle activity in volts and the x-axis shows the time in seconds. 

The root mean square (RMS) of the activity of the muscles during the four tasks for the 

subject 1 are presented below from Figure 17 to Figure 20. More or less similar plots were found 

for the rest of the subjects and are present under Appendix . 
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Figure 17: RMS of the EMG activity of subject 1 during elbow flexion-extension task with 1 kg 

weight (muscle activity in volts vs time in seconds). 

 

Figure 18: RMS of the EMG activity of subject 1 during elbow flexion-extension task with 2 kg 

weight (muscle activity in volts vs time in seconds). 
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Figure 19: RMS of the EMG activity of subject 1 during object manipulation task with 1 kg 

weight (muscle activity in volts vs time in seconds).. 

 

Figure 20: RMS of the EMG activity of subject 1 during object manipulation task with 2 kg 

weight (muscle activity in volts vs time in seconds). 
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 From the above shown root mean square analysis on the EMG data it was seen that, the 

muscle biceps brachii showed relatively high level of activity most of times during any task. The 

muscle brachioradialis showed the second highest values relatively which was followed by the 

triceps brachii, most of times.  Also, a gradual increase in the muscle activity was evident for most 

of the subjects, which could be due to the continuous involvement of the muscles in the task. In 

any task, the range of the average value of the muscle triceps brachii was found to be between 

0.02mV and 0.1mV. The muscle brachioradialis was distinctly active in the range of 0.05mV to 

0.2mV. However, the muscle biceps brachii was relatively highly active during any tasks 

performed and its values ranged anywhere from 0.15mV to 0.8mV. 

 For any given subject, the patterns of any muscle activity gradually became distinct and 

clear as the subject involved in performing different tasks. This could mean that if the subject 

keeps performing any task for a given period of time (2 minutes in this study), the muscle activity 

begins to increase gradually. In this study, the average time of beginning of the increment of 

muscle activity was seen to be around 1 minute of the beginning of the task. While a noticeable 

increase in the activity of biceps and brachioradialis throughout the tasks were seen, that could be 

due to several factors such as muscle fatigue, intentional excessive use of muscle power by the 

subject or also could be because of the subject’s grip. The muscle triceps brachii had the low 

activity when compared to the muscle biceps brachii and brachioradialis, in any task.  

Notable evidence on muscle activity decreasing after a specific time was found for biceps 

brachii (see Figure 66) and brachioradialis. However, it is evident from this analysis that, any task 

performed for a longer time would result in gradual increase in the electrical activity of the 

particular muscle involved. This would further mean that, the muscle is undergoing effective 

change and would contribute towards a successful rehabilitation. But care must be taken to be 
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aware of the potential muscle fatigue phenomenon which could in fact worsen the medical 

condition. Possible solution to this would be to understand the intensity and dosage of the 

therapeutic task and the resting time interval in between the tasks. A good understanding of these 

parameters could provide comparatively better results for the same therapeutic task.    

4.2.1 Special Case 

The EMG signal analysis of the elbow flexion-extension for subject 4 provided special 

results for both 1 and 2 kg trials. These are shown below in Figure 21 and Figure 22. The reason 

this was termed special was because of the unusually high spikes produced by the muscle 

brachioradialis (shown in red color) while performing the respective tasks in virtual reality. The 

other muscles activity of this subject during the same tasks can be clearly seen in Figure 72 and 

Figure 73. Note that in Figure 21 and Figure 22, the muscle brachioradialis is not included so as 

to show the activity of the other two muscles. In the below two figures, the m. brachioradialis is 

seen to have high activity only during the VR tasks for both 1 kg and 2 kg weight trials. Although 

this could be due to various factors including but not limited to sensor misplacement, external 

noise etc., it is strongly doubted that this might be because of the subject’s sudden muscle 

contraction and consistency maintained then onwards following the VR task. Other reason could 

be the potentially high activity in the brachioradialis of the subject 4 while performing the elbow 

flexion-extension task. However, these assumptions are purely based on the researcher’s notes 

taken while performing the experiment. 
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Figure 21: RMS of EMG activity of sub. 4 during the elbow flexion-extension with 1 kg weight. 

 

Figure 22: RMS of EMG activity of sub. 4 during the elbow flexion-extension with 2 kg weight. 
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4.3 Statistical Analysis on the EMG Data 

The EMG data was statistically analyzed for the three-way repeated measure analysis of 

variance and line plot analysis. The results are discussed as shown in sections below.  

4.3.1 Repeated Measures Three-Way Analysis of Variance 

The EMG data was processed for three-way repeated measures analysis of variance test 

while comparing the two groups of data, i.e., with the virtual reality environment and without the 

virtual reality environment. The following results were obtained from this analysis. 

The mean, standard deviation and the sample size for every variable used in this study are 

provided in TABLE 2. T1, T2, T3, T4 represent the tasks performed which are elbow flexion-

extension with 1kg weight, elbow flexion-extension with 2kg weight, object manipulation with 

1kg weight and object manipulation with 2kg weight, respectively.  The tasks performed with 

virtual reality were represented with notation VR and the tasks performed without virtual reality 

were represented with NVR. The notations M1, M2 and M3 represent the muscles biceps brachii, 

triceps brachii and the brachioradialis, respectively.  

TABLE 2 

MEAN AND STANDARD DEVIATION FOR THE VARIABLES. 

Dependent Variables Mean Std. Deviation N 

T1_VR_M1 0.0001 0.00007 12 

T1_VR_M2 0.0000 0.00003 12 

T1_VR_M3 0.0002 0.00032 12 

T1_NVR_M1 0.0001 0.00005 12 

T1_NVR_M2 0.0000 0.00003 12 
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T1_NVR_M3 0.0000 0.00003 12 

T2_VR_M1 0.0001 0.00010 12 

T2_VR_M2 0.0000 0.00003 12 

T2_VR_M3 0.0002 0.00034 12 

T2_NVR_M1 0.0001 0.00010 12 

T2_NVR_M2 0.0000 0.00003 12 

T2_NVR_M3 0.0001 0.00008 12 

T3_VR_M1 0.0001 0.00003 12 

T3_VR_M2 0.0000 0.00001 12 

T3_VR_M3 0.0000 0.00002 12 

T3_NVR_M1 0.0000 0.00002 12 

T3_NVR_M2 0.0000 0.00001 12 

T3_NVR_M3 0.0000 0.00001 12 

T4_VR_M1 0.0001 0.00005 12 

T4_VR_M2 0.0000 0.00001 12 

T4_VR_M3 0.0001 0.00003 12 

T4_NVR_M1 0.0001 0.00003 12 

T4_NVR_M2 0.0000 0.00001 12 

T4_NVR_M3 0.0000 0.00002 12 

 

From the test for residuals the overall data was termed as normally distributed and selected 

for further analysis. Some of the histograms with the normalized curve are presented in Figure 23 

and Figure 24. Similar results were obtained for most of the other variables too and are presented 
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in Error! Reference source not found.. These plots show that the residuals are normally 

distributed and validates the assumptions of the test.  

 

Figure 23: Histogram showing the normal curve for the variable representing the m. 

brachioradialis while performing the object manipulation task with 2 kg weight without virtual 

reality. 

 

Figure 24: Histogram showing the normal curve for the variable representing the m. biceps 

brachii while performing the object manipulation task with 1 kg weight with virtual reality. 

 



 

39 

 

 From the Mauchly’s test of Sphericity for the within subjects’ effect, the following results 

were obtained and are shown below in TABLE 3. For the right use of Mauchly’s test of sphericity, 

the significance value or the p value must be greater than 0.05. As seen from the table, the 

significant values for the within subjects’ effects were all lesser than 0.05 which clearly indicates 

the violation of the assumption of homogeneity of the variance. As a corrective measure, the 

Greenhouse-Geisser corrected values were selected for further steps.  

TABLE 3 

MAUCHLY’S TEST OF SPHERICITY 

Within Subjects Effect Degree of Freedom Significance Value 

Tasks 5 <0.001 

Groups 0 - 

Muscles 2 0.001 

Tasks * Groups 5 <0.001 

Tasks * Muscles 20 <0.001 

Groups * Muscles 2 <0.001 

Tasks * Groups * Muscles 20 <0.001 

 

The Greenhouse-Geisser corrections are presented in TABLE 4 where the main effects for 

the within the subjects’ effects are shown along with their respective values of error. The corrected 

degree of freedom and the new significant p values are also shown.  
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TABLE 4 

GREENHOUSE-GEISSER CORRECTED VALUES FOR EACH MAIN EFFECTS OF 

WITHIN SUBJECTS 

Within Subjects Effects Degree of 

Freedom 

F 

Value 

Significance 

Value 

Partial Eta 

Squared 

Tasks 1.214 10.073 0.005 0.478 

Error (Tasks) 13.358    

Groups 1 5.467 0.039 0.332 

Error (Groups) 11.00    

Muscles 1.151 3.722 0.072 0.253 

Error (Muscles) 12.658    

Tasks * Groups 1.594 1.621 0.226 0.128 

Error (Tasks * Groups) 17.535    

Tasks * Muscles 1.245 1.801 0.204 0.141 

Error (Tasks * Muscles) 13.694    

Groups * Muscles 1.012 2.069 0.178 0.158 

Error (Groups * Muscles) 11.128    

Tasks*Groups*Muscles 1.539 1.617 0.228 0.128 

Error (Tasks*Groups*Muscles) 16.934    

 

The estimated marginal means for the different independent variables were calculated next. 

This analysis provides the breakdown of the means for different levels of the within subject factors 

or the independent variables. These are presented in TABLE 5, TABLE 6 and TABLE 7 for the 
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variable’s tasks, groups and muscles respectively. Notice that the standard error is 0 for all the 

levels that means this statistic has no random error involved.  

TABLE 5 

ESTIMATED MARGINAL MEANS FOR THE INDEPENDENT VARIABLE ‘TASKS’ 

Tasks Mean Standard Error 

1 7.749E-05 0.000 

2 0.000 0.000 

3 3.269E-05 0.000 

4 4.699E-05 0.000 

 

TABLE 6 

ESTIMATED MARGINAL MEANS FOR THE INDEPENDENT VARIABLE ‘GROUPS’. 

Groups Mean Standard Error 

1 8.403E-05 0.000 

2 4.838E-05 0.000 

 

TABLE 7 

ESTIMATED MARGINAL MEANS FOR THE INDEPENDENT VARIABLE ‘MUSCLES’. 

Muscles Mean Standard Error 

1 8.583E-05 0.000 

2 2.718E-05 0.000 



 

42 

 

3 8.559E-05 0.000 

 

The pairwise comparisons were then conducted for all the within subject’s factors i.e., tasks, and 

groups. They present the significant relation amongst each other. The TABLE 8, TABLE 9 and 

TABLE 10 represent the pairwise comparisons. Similarly, the estimated marginal means for 

various combinations were plotted (see Error! Reference source not found.) 

TABLE 8 

PAIRWISE COMPARISONS FOR ‘TASKS’ 

Tasks compared with each other Significance Value 

 

1 

2 0.018 

3 0.111 

4 0.557 

 

2 

1 0.018 

3 0.014 

4 0.049 

 

3 

1 0.111 

2 0.014 

4 0.002 

 

4 

1 0.557 

2 0.049 

3 0.002 
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TABLE 9 

PAIRWISE COMPARISONS FOR ‘GROUPS’ 

Groups compared with each other Significance Value 

1 2 0.39 

2 2 0.39 

 

TABLE 10 

PAIRWISE COMPARISONS FOR ‘MUSCLES’ 

Muscles compared with each other Significance Value 

1 2 0.001 

3 1.000 

2 1 0.001 

3 0.150 

3 1 1.000 

2 0.150 

 

 From the three-way repeated measures ANOVA analysis, it was found that the independent 

variable ‘tasks’ were statistically significant with F(1.214, 13.358) = 10.073, p = 0.005 and 

‘groups’ were significant with F(1, 11) = 5.467, p = 0.039.  

 To sum up, the three-way repeated measures ANOVA analysis provided results that 

showed the tasks performed and the groups of the tasks were statistically significant. However, the 
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muscles were reported as not significant. It is suggested that this result might be due to a smaller 

sample size that was used in this study.  

4.3.2 Line Plot Analysis 

The following plots were obtained for the line graph analysis. These plots show the muscle 

activity pattern in each task for all the subjects. The blue lines show the EMG activity pattern for 

the tasks performed in virtual reality and the green lines show the EMG pattern for the tasks 

performed without any virtual assistance. 

 

Figure 25: Activity pattern of m. biceps brachii for elbow flexion-extension with 1 kg weight. 
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Figure 26: Activity pattern of m. triceps brachii for elbow flexion-extension with 1 kg weight. 

 

Figure 27: Activity pattern of m. brachioradialis for elbow flexion-extension with 1 kg weight. 
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Figure 28: Activity pattern of m. biceps brachii for elbow flexion-extension with 2 kg weight. 

 

 

 

Figure 29: Activity pattern of m. triceps brachii for elbow flexion-extension with 2 kg weight. 
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Figure 30: Activity pattern of m. brachioradialis for elbow flexion-extension with 2 kg weight. 

 

 

 

Figure 31: Activity pattern of m. biceps brachii for object manipulation with 1 kg weight. 
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Figure 32: Activity pattern of m. triceps brachii for object manipulation with 1 kg weight. 

 

 

 

Figure 33: Activity pattern of m. brachioradialis for object manipulation with 1 kg weight. 
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Figure 34: Activity pattern of m. biceps brachii for object manipulation with 2 kg weight. 

 

 

 

Figure 35: Activity pattern of m. triceps brachii for object manipulation with 2 kg weight. 
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Figure 36: Activity pattern of m. brachioradialis for object manipulation with 2 kg weight. 

From the above presented graphs, a muscle activity trend was seen. It is evident from the 

Figure 25 through Figure 36 that, the muscle activation is usually higher when performing the 

tasks in virtual reality. Although the increase in performance of the muscles is not always of the 

same level when used with VR, there still exists a notable difference.   

 Some of the clearly noticeable outliers were seen in Figure 27 and Figure 30  especially for 

m. brachioradialis of subject 4. Although it seems like it does not perfectly fit in the data set, the 

exact cause for that outlier cannot be predicted. But, based on the notes taken by the researcher 

during the experiment, it can be suggested that the high burst of muscle activity might be due to 

the subject’s sudden contraction of muscle brachioradialis while performing the elbow flexion-

extension tasks in a virtual setting.  
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The average percentage increase of the muscle activity of the tasks performed with VR and 

without VR for all the muscles during the four different tasks are presented in TABLE 11.  From 

this table, it was seen that during the task of elbow flexion-extension, the muscle biceps brachii 

showed comparatively highest increments in the muscle activity by 39.81% with 1kg and 28.57% 

with 2 kg weights when performing the tasks in VR. Similarly, the muscle brachioradialis showed 

comparatively high increments in muscle activity by 137.5% with 1 kg and 107.46% with 2 gk 

weights when performing these tasks in VR.  

TABLE 11: AVERAGE PERCENTAGE INCREASE IN MUSCLE ACTIVITY DURING 

DIFFERENT TASKS 

Muscles in different tasks Average percentage increase in muscle activity from 

without VR to with VR 

T1_M1 39.814 % 

T1_M2 30.53478 % 

T1_M3 0.298633 % 

T2_M1 28.57576 % 

T2_M2 18.12077 % 

T2_M3 0.185508 % 

T3_M1 60.8307 % 

T3_M2 67.95097 % 

T3_M3 137.578 % 

T4_M1 55.53633 % 

T4_M2 43.91727 % 

T4_M3 107.4693 % 
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Moreover, as the weight increased, the difference of change of the muscle activity was 

smaller. For example, there was 11.24% decrease in the muscle activity of biceps brachii when 

performing the elbow flexion-extension task with 1 kg to 2 kg weights. Similar effects were seen 

for the rest of the muscles as well. Even though muscle fatigue can be related to this effect, it is 

strongly suggested to analyze the same with randomized orders and with a larger sample size.  

From the ANOVA tests conducted on the EMG data set it was inferred that the object 

manipulation task proved to be slightly more effective in terms of muscle activity, than the elbow 

flexion-extension task. Even though the current statistical results convey the lesser use of the 

muscle brachioradialis that might eliminate it from considering it during the elbow flexion-

extension task in future, the EMG signal analysis suggests that this hypothesis must be tested again 

with a greater sample size. The mixed results of EMG analysis and the ANOVA on  the effect of 

the elbow flexion-extension task on all the three muscles makes a strong point to carry out the tests 

on a much greater sample size. However, the consistent results of the object manipulation task 

suggest that the task can be highly recommended as a therapeutic intervention based on its effects 

on muscle activity. Further, inclusion of VR while performing this task would provide better 

results in terms of muscle activity that can be directly related to quicker recovery in patients.     
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CHAPTER 5 

CONCLUSION AND FUTURE RECOMMENDATIONS 

In this thesis, the efficacy of two of the present upper limb rehabilitation tasks was studied. 

Elbow flexion-extension and object manipulation tasks were performed with 1kg and 2kg weights 

both in reality and as well as with virtual reality environment. The physical tasks were integrated 

with the VR so as to keep the experimental setup same. The EMG and IMU data were collected 

during the study and were analyzed, respectively. The IMU data analysis proved that the path 

traced by the subject during the tasks with and without VR were close to each other which in turn 

validated the experimental setup. The EMG analysis for the root mean square of the muscles 

provided meaningful insights on the tasks performed and the muscles activated. From the RMS 

analysis, it was noted that muscle excitation was comparatively more when the tasks were 

performed with VR.  

Furthermore, from the line plot analysis it was seen that the muscle activations when using 

VR were clearly higher than in the circumstances where VR was not used. The repeated measures 

three-way ANOVA recommended the object manipulation task to be more effective than the elbow 

flexion-extension task. However, it was recommended to test this again with larger and diverse 

sample size.  

The hypothesis of this study that the muscles show increased activity during the tasks in 

VR than without VR was supported by the results obtained from the analysis.  This study was 

based upon the dependent behavior of subjects, as they had first performed the tasks without VR 

and then with VR. This might be one of the reasons to have higher muscle activity while 

performing the tasks with VR. This ambiguity could be eliminated by conducting the study on 

different groups with much larger and diverse sample size. The findings from this study can be 
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considered for better recommendation of therapeutic tasks when it is validated for people of 

different sex and age groups. 
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APPENDIX A 

RESULTS AND DESCRIPTION FOR THE THREE-WAY REPEATED MEASURES ANOVA 

 

Histograms with normal curves for each combination of dependent variables 

 

Figure 37: Normal curve for T1_VR_M1 
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Figure 38: Normal curve for T1_VR_M2 

 

Figure 39: Normal curve for T1_VR_M3 
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Figure 40: Normal curve for T1_NVR_M1 

 

Figure 41: Normal curve for T1_NVR_M2 
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Figure 42: Normal curve for T1_NVR_M3 

 

Figure 43: Normal curve for T2_VR_M1 
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Figure 44: Normal curve for T2_VR_M2 

 

Figure 45: Normal curve for T2_VR_M3 
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Figure 46: Normal curve for T2_NVR_M1 

 

Figure 47: Normal curve for T2_NVR_M2 
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Figure 48: Normal curve for T2_NVR_M3 

 

Figure 49: Normal curve for T3_VR_M1 
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Figure 50: Normal curve for T3_VR_M2 

 

Figure 51: Normal curve for T3_VR_M3 
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Figure 52: Normal curve for T3_NVR_M1 

 

Figure 53: Normal curve for T3_NVR_M2 
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Figure 54: Normal curve for T3_NVR_M3 

 

Figure 55: Normal curve for T4_VR_M1 
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Figure 56: Normal curve for T4_VR_M2 

 

Figure 57: Normal curve for T4_VR_M3 
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Figure 58: Normal curve for T4_NVR_M1 

 

Figure 59: Normal curve for T4_NVR_M2 
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Figure 60: Normal curve for T4_NVR_M3 
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APPENDIX B 

ESTIMATED MARGINAL MEANS PLOTS 

 

Figure 61: Estimated marginal means for muscles*tasks. 
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Figure 62: Estimated marginal means for groups*muscles. 

 

Figure 63: Estimated marginal means for groups*tasks. 
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APPENDIX C 

OTHER SUPPLEMENTARY RESULTS AND INFORMATION FROM THE REPEATED 

MEASURES THREE-WAY ANOVA 

TABLE 12 

MAUCHLY’S TEST OF SPHERICITY 
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TABLE 13 

TEST OF WITHIN-SUBJECTS EFFECTS 
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TABLE 14 

TESTS OF WITHIN-SUBJECTS CONTRASTS 
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TABLE 15 

ESTIMATED MARGINAL MEANS FOR TASKS * GROUPS 

 

TABLE 16 

ESTIMATED MARGINAL MEANS FOR TASKS * MUSCLES 
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TABLE 17 

ESTIMATED MARGINAL MEANS FOR GROUPS * MUSCLES 
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TABLE 18 

ESTIMATED MARGINAL MEANS FOR TASKS * GROUPS * MUSCLES 

 



 

90 

 

APPENDIX D 

ROOT MEAN SQUARE OF THE EMG OF DIFFERENT MUSCLES FOR VARIOUS TASKS 

For the tasks performed without VR, the muscle Biceps brachii is shown in blue, the muscle 

Triceps brachii is shown in green and the muscle Brachioradialis is shown in red color in thin lines. 

Similarly, for the tasks involving VR, the muscle Biceps brachii is shown in blue, the muscle 

Triceps brachii is shown in green and the muscle Brachioradialis is shown in red color in thick 

lines. 

 

Figure 64: RMS of the EMG activity of subject 2 during elbow flexion-extension task with 1 kg 

weight. 
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Figure 65: RMS of the EMG activity of subject 2 during elbow flexion-extension task with 2 kg 

weight. 

 

Figure 66: RMS of the EMG activity of subject 2 during object manipulation task with 1kg 

weight. 
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Figure 67: RMS of the EMG activity of subject 2 during object manipulation task with 2kg 

weight. 

 

Figure 68: RMS of the EMG activity of subject 3 during elbow flexion-extension task with 1 kg 

weight. 
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Figure 69: RMS of the EMG activity of subject 3 during elbow flexion-extension task with 2 kg 

weight. 

 

Figure 70: RMS of the EMG activity of subject 3 during object manipulation task with 1 kg 

weight. 
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Figure 71: RMS of the EMG activity of subject 3 during object manipulation task with 2 kg 

weight. 

 

Figure 72: RMS of the EMG activity of subject 4 during elbow flexion-extension task with 1 kg 

weight. 
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Figure 73: RMS of the EMG activity of subject 4 during elbow flexion-extension task with 2 kg 

weight. 

 

Figure 74: RMS of the EMG activity of subject 4 during object manipulation task with 1 kg 

weight. 



 

96 

 

 

Figure 75: RMS of the EMG activity of subject 4 during object manipulation task with 2 kg 

weight. 

 

Figure 76: RMS of the EMG activity of subject 5 during elbow flexion-extension with 1 kg 

weight 
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Figure 77: RMS of the EMG activity of subject 5 during elbow flexion-extension with 2 kg 

weight. 

 

Figure 78: RMS of the EMG activity of subject 5 during object manipulation with 1 kg weight. 
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Figure 79: RMS of the EMG activity of subject 5 during object manipulation with 2 kg weight. 

 

Figure 80: RMS of the EMG activity of subject 6 during elbow flexion-extension with 1 kg weight. 
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Figure 81: RMS of the EMG activity of subject 6 during elbow flexion-extension with 2 kg 

weight. 

 

Figure 82: RMS of the EMG activity of subject 6 during object manipulation with 1 kg weight. 

 



 

100 

 

 

Figure 83: RMS of the EMG activity of subject 6 during object manipulation with 2 kg weight. 

 

Figure 84: RMS of the EMG activity of subject 6 during elbow flexion-extension with 1 kg weight. 
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Figure 85: RMS of the EMG activity of subject 6 during elbow flexion-extension with 2 kg 

weight. 

 

Figure 86: RMS of the EMG activity of subject 6 during object manipulation with 1 kg weight. 
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Figure 87: RMS of the EMG activity of subject 6 during object manipulation with 2 kg weight. 

 

Figure 88: RMS of the EMG activity of subject 7 during elbow flexion-extension with 1 kg 

weight. 
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Figure 89: RMS of the EMG activity of subject 7 during elbow flexion-extension with 2 kg 

weight. 

 

Figure 90: RMS of the EMG activity of subject 7 during object manipulation with 1 kg weight. 
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Figure 91: RMS of the EMG activity of subject 7 during object manipulation with 2 kg weight. 

 

Figure 92: RMS of the EMG activity of subject 8 during elbow flexion-extension with 1 kg 

weight. 
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Figure 93: RMS of the EMG activity of subject 8 during elbow flexion-extension with 2 kg 

weight. 

 

Figure 94:  RMS of the EMG activity of subject 8 during object manipulation with 1 kg weight. 
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Figure 95: RMS of the EMG activity of subject 8 during object manipulation with 2 kg weight. 

 

Figure 96: RMS of the EMG activity of subject 9 during elbow flexion-extension with 1 kg 

weight. 
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Figure 97: RMS of the EMG activity of subject 9 during elbow flexion-extension with 2 kg 

weight. 

 

Figure 98: RMS of the EMG activity of subject 9 during object manipulation with 1 kg weight. 
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Figure 99: RMS of the EMG activity of subject 9 during object manipulation with 2 kg weight. 

 

Figure 100: RMS of the EMG activity of subject 10 during elbow flexion-extension with 1 kg 

weight. 
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Figure 101:  RMS of the EMG activity of subject 10 during elbow flexion-extension with 2 kg 

weight. 

 

Figure 102: RMS of the EMG activity of subject 10 during object manipulation with 1 kg 

weight. 
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Figure 103: RMS of the EMG activity of subject 10 during object manipulation with 2 kg 

weight. 

 

Figure 104: RMS of the EMG activity of subject 11 during elbow flexion-extension with 1 kg 

weight. 
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Figure 105: RMS of the EMG activity of subject 11 during elbow flexion-extension with 2 kg 

weight. 

 

Figure 106: RMS of the EMG activity of subject 11 during object manipulation with 1 kg 

weight. 
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Figure 107: RMS of the EMG activity of subject 11 during object manipulation with 2 kg 

weight. 

 

Figure 108: RMS of the EMG activity of subject 12 during elbow flexion-extension with 1 kg 

weight. 
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Figure 109: RMS of the EMG activity of subject 12 during elbow flexion-extension with 2 kg 

weight. 

 

Figure 110: RMS of the EMG activity of subject 12 during object manipulation with 1 kg 

weight. 
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Figure 111: RMS of the EMG activity of subject 12 during object manipulation with 2 kg 

weight. 

 

 

 

 

 

 

 

 

 


