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ABSTRACT 

 

Stroke occurs when the blood supply to part of the brain is interrupted or reduced, 

preventing brain tissue from getting oxygen and nutrients, thus causing brain cells to die. 

Stroke is the 5th leading cause of death in the United States and is one of the major causes 

of disability. Conventional therapy is a form of stroke rehabilitation generally consisting 

of physical and occupational therapy. It focuses on customized exercises based on the 

patient’s feedback. Physical therapy includes exercises such as weight bearing (affected 

arm), vibration of affected muscle and gravity-eliminated movement of affected arm. 

Overall physical therapy aims at strengthening muscle groups and aides in the relearning 

process. Occupational aspect of conventional therapy includes activities of daily living 

(ADL) such as dressing, self-feeding, grooming and toileting. Overall occupational therapy 

focusses on improving the daily activities performed by individuals. In comparison to 

conventional therapy, robotic therapy is relatively newer therapy. It uses robotic devices to 

perform repetitive motions and delivers high dosage and high intensity training to stroke 

patients. Based on the research studies reviewed, it is known that neuroplasticity in stroke 

patients is linked to interventions which are high in dosage, intensity, repetition, difficulty, 

salience. Peer-reviewed literature suggests robotic therapy might be a viable option for 

recovery in stroke patients. However, the extent to which robotic therapy may provide 

greater benefits than conventional therapy remains unclear. This thesis addresses the key 

components of a study design for comparing the efficacy of robotic therapy relative to 

conventional therapy to improve upper limb sensorimotor function in stroke survivors. The 

study design is based on an extensive review of the literature of stroke clinical trials and 

robotic therapy studies, analyses of the capabilities of a robotic therapy device (M2, Fourier 
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Intelligence), and pilot data collected on healthy controls to create a pipeline of tasks and 

analyses to extract biomarkers of sensorimotor functional changes. This work has laid the 

foundation for a pilot longitudinal study that will be conducted at the Barrow Neurological 

Institute, Phoenix, AZ, where conventional and robotic therapy will be compared in a small 

cohort of stroke survivors. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Significance of stroke 

Around 2400 years ago, Hippocrates mentioned the term “apoplexy,” which refers 

to the sudden loss of consciousness and motion (Engelhardt, 2017). This disorder is now 

generally known to us as Stroke. From around 2400 years ago, we humans have traveled 

so far in terms of science and technology. But even then, we have not found solutions to 

prevent some of the diseases and disorders that existed thousands of years ago. Stroke is 

still one of the leading causes of concern in the present society with rising disability. In the 

United States alone, stroke is 5th in terms of the cause of death with the total number of 

stroke cases approximately being 795,000 every year (Mozaffarian Dariush et al., 2016). 

The total number of deaths with stroke as its cause is set to rise in the coming years as the 

present population lives longer and thus increasing the odds of having a stroke (Elkins 

Jacob S. & Johnston S. Claiborne, 2003). Thanks to extensive medical research, we have a 

better understanding of various diseases and medical conditions which were once 

impossible to understand. The advancement of this research has led to better treatments for 

the patients. So, if a patient has a stroke, they are more likely to survive it now compared 

to a few years ago. Because of this, during the last four decades, the age-adjusted mortality 

rate of stroke has decreased by greater than 60% in the United States (Chobanian et al., 

2003). However, the odds of having a second stroke increases from the onset of stroke. 

One study claims that the risk of having another stroke increases up to 18% in 4 years from 

the first stroke (Feng et al., 2010). Hence, we can expect that the number of stroke survivors 
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will increase in the coming years, which leads to the need for more effective approaches to 

stroke rehabilitation. 

“Stroke is defined as a clinical syndrome, of presumed vascular origin, typified by 

rapidly developing signs of focal or global disturbance of cerebral functions lasting more 

than 24 hours or leading to death” (World Health Organization 1978) (Intercollegiate 

Working Party for Stroke & Royal College of Physicians of London, 2012). Stroke can be 

broadly described to be caused by the lack of oxygen in a brain region because of blood 

vessels bursting, clotting, or narrowing down. The causes for blood vessel clotting, 

narrowing, or bursting could be due to age, gender, race/ethnicity, along with other lifestyle 

factors such as smoking, diet, alcohol consumption, and physical inactivity (Boehme et al., 

2017). The causes of stroke are many, and the outcomes are highly variable based on where 

the stroke has occurred. Stroke is broadly classified into two types: Ischemic and 

Hemorrhagic. The reduction or loss of blood supply to the brain primarily caused by 

clotting or narrowing of blood vessels is known as Ischemic stroke. On the other hand, 

Hemorrhagic stroke is caused by the rupture of blood vessels in the brain (Donkor, 2018). 

Ischemic stroke occurs more frequently and contributes to almost 80% of all the stroke 

incidents. 
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Figure 1: Ischemic Stroke (Stroke | NHLBI, NIH, n.d.) 

 

Ischemic Stroke 

Ischemic stroke or infarction of the brain tissue is caused by the regional reduction 

of cerebral blood flow for a time period (Figure 1). This results in lack of oxygen and 

glucose transfer to the brain, thus causing brain tissue damage (Brainin & Heiss, 2019). 

The reduction of blood flow could be due to the atherothrombotic changes, leading to 

emboli from other parts of the body reaching and blocking the blood vessels to the brain 

(Garcia, 1975). The brain regions affected due to reduction in blood flow are highly 

variable and mainly depend on the size and location of the emboli or thrombus formation. 
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Figure 2: Types of Hemorrhagic Stroke (Stroke | NHLBI, NIH, n.d.) 

 

Hemorrhagic Stroke 

Hemorrhagic Stroke, as we understand, is the rupture of the blood vessels due to 

unwanted formations of Aneurysm or Arteriovenous Malformations (Figure 2; Garcia, 

1975). Intracerebral hemorrhage is the type of hemorrhagic stroke which causes bleeding 

within the brain. Another type of Hemorrhage is the Subarachnoid hemorrhage, where the 

bleeding is around the brain. The cause of these types of hemorrhage is thought to be related 

to lifestyle (Boehme et al., 2017). The collection of blood between the external layer of the 

dura mater and the inner layer of the skull is called the Epidural hemorrhage (Kanematsu 

et al., 2018). Eventually, the outcome is classified as the rupturing of the blood vessel. A 

common cause of rupture of the blood vessel is the formation of an Aneurysm (Figure 3) 

(Aortic Aneurysm | NHLBI, NIH, n.d.). Aneurysm formation, if untreated, can lead to 

rupture of the blood vessel and also could lead to ischemia in the path where the blood 

vessel leads. 
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Figure 3: Aneurysm (Stroke | NHLBI, NIH, n.d.) 

 

 

1.2 Stroke rehabilitation 

According to the International Classification of Functioning, Disability, and Health 

(ICF model) developed by the World Health Organization in 2001, Stroke Rehabilitation 

is a procedure that “aims to facilitate people with health state experiencing or likely to 

experience disability to attain optimal functioning in interaction with the environment” 

(Bindawas & Vennu, 2016; International Classification of Functioning, Disability and 

Health (ICF), n.d.). Although this definition represents an overall aim of stroke 

rehabilitation in general, it lacks clarity on how we can achieve it. According to Bindawas 

and colleagues (2016), regaining independence and improving quality of life is key to 

stroke rehabilitation, and that’s to be achieved using 1. Timing of rehabilitation (Early 
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rehabilitation intervention), 2. Qualified multidisciplinary rehabilitation team and 3. 

Consistent Rehabilitation for a given duration (Bindawas & Vennu, 2016).  

 
Figure 4: Sensitive and Use-dependent plasticity period (Raffin & Hummel, 2018) 

 

Timing of rehabilitation (Early rehabilitation intervention) 

In Stroke rehabilitation, time is of absolute essence, and it is highlighted in various 

studies. According to National Clinical Guidelines for stroke (UK), it is recommended to 

provide intravenous thrombolysis treatment within the first 3 to 4.5 hours of stroke, after 

which the significance of intravenous thrombolysis treatment declines (Intercollegiate 

Working Party for Stroke & Royal College of Physicians of London, 2012). Along with 

these early medical interventions, admission to stroke rehabilitation units as early as 24 to 

48 hours from stroke is found to be beneficial in various studies (Sundseth et al., 2012). 

However, intervention should not begin in the first 24 hours or maybe even up to 1 week 

depending on the patient’s condition (Bernhardt et al., 2017). After admission to stroke 

rehab units, Multidisciplinary teams can access the patient’s condition and devise a 
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personalized rehabilitation plan (Sundseth et al., 2012). As mentioned earlier, stroke is 

highly variable, and its outcomes are not always predictable. But there are critical periods 

in the path of stroke rehabilitation, and one of the important periods is believed to be the 

Sensitive period, also known as the hyperplasticity state (Figure 4). During this period, 

which initiates from the onset of stroke to the first 8 to 12 weeks, it is understood that 

proper training can induce higher reorganizational changes and better functional outcomes. 

Eventually, after this period of rapid recovery, the changes tend to normalize, and we reach 

a plateau (Raffin & Hummel, 2018).  Looking at the overall picture, we can see that the 

timing of the rehabilitation makes a significant difference such that if rehabilitation 

procedures start early, greater recovery would be expected. This study suggests that the 

timing of intervention is important. However, the small number of clinical trials conducted 

in the acute phase of stroke prevents reaching a firm conclusion on whether early 

intervention is particularly effective  (Coleman et al., 2017). A trial conducted by Boake 

and colleagues (2007) on 23 stroke patients (after 2 weeks of stroke onset) compared the 

Constraint-Induced movement therapy with traditional therapy (conventional) (Boake et 

al., 2007). The study concluded that the long-term effects on motor function did not differ 

between the two therapies compared. Therefore, the results of this study contradict the 

above-mentioned theory of early rehabilitation.  Non-device assisted therapy, e.g., 

Constraint-Induced movement therapy, has shown no significant difference in long-term 

motor function compared to conventional therapy. However, a recent clinical trial 

conducted by Keeling and colleagues (2021) on 9 stroke patients (around 6 weeks post-

stroke) (Keeling et al., 2021) found that robotic intervention during early stroke stages had 

a positive impact on upper-extremity motor function compared to conventional 
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interventions. Earlier studies have also highlighted the therapeutic potential of robotic 

therapy when administered in the early stages of stroke (Coleman et al., 2017; Cruz et al., 

2014; Forrester et al., 2014; Kuznetsov et al., 2013).  In sum, although evidence is still 

limited, robotic stroke therapy appears to have the potential for promoting motor recovery 

in stroke.  

 

Multidisciplinary teams 

Another major factor of stroke rehabilitation is multidisciplinary stroke care units. 

Studies have shown that stroke care units as an intervention have consistently decreased 

deaths and dependency of stroke patients (“Collaborative Systematic Review of the 

Randomised Trials of Organised Inpatient (Stroke Unit) Care after Stroke,” 1997; Donnan 

et al., 2008). According to the Stroke Unit Trialists’ Collaboration (2001), 28 trials with a 

total of 5500+ patients were conducted to study the effectiveness of stroke care units and 

conventional care/therapy in terms of odds of deaths, institutionalized living, and 

independence (Stroke Unit Trialists’ Collaboratio, 2001). The outcome indicated that 

conventional care/therapy was not the most effective form of stroke rehabilitation. 

Multidisciplinary stroke care units resulted in lower odds of death, dependency and 

increased the odds of living at home one year after the stroke. The stroke care units 

generally consist of nurses, occupational therapists, physical therapists, speech therapists, 

physicians. Family and community also plays an important role in bringing positivity and 

characterizing objectives for the therapy (Bindawas & Vennu, 2016). 
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Consistent rehabilitation (Duration) 

Duration of rehabilitation is very important after stroke, and it is also easily 

neglected. There is no well-defined duration for stroke rehabilitation to continue. 

Generally, people focus on the first 2 to 3 months as it is known to be the sensitive period 

which contributes to major changes. But even after the sensitive period, stroke patients 

experience neuroplasticity (Raffin & Hummel, 2018). The rate of change in terms of 

neuroplasticity might be quite less after the sensitive period, and because of this there is an 

overall lack of interest in rehabilitation after 3 to 6 months of stroke. Other factors also 

contribute to this, such as lack of motivation, inadequate post-sensitive period 

rehabilitation programs, depression, expenditure. Hence, stroke rehabilitation programs 

need to be customized for every patient as each patient’s recovery is highly variable. Long-

term rehabilitation might be necessary for many stroke patients, and on a regular interval 

check-up need to be performed to assess the patient’s function. Along with check-ups, 

therapy in some form or other needs to continue with the patient as long as the patient 

experiences complete recovery and independence in performing essential activities 

(Bernhardt et al., 2016; Bindawas & Vennu, 2016; Page et al., 2012; Wolf et al., 2006). 

 

1.3 Rehabilitation and Factors of Influence 

“Every stroke is unique”. We might have come across this statement in various 

stroke research, and it is of profound importance.  Stroke, as it occurs, causes damage in a 

unique manner to the neuronal networks which might result in impairment of sensation, 

movement, cognition (Murphy & Corbett, 2009). This uniqueness is critical to the 

rehabilitation process. Since no two types of stroke are the same, the efficacy of a certain 
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stroke rehabilitation is almost always different for every patient. Hence, stroke 

rehabilitation needs to be personalized for each patient. However, this level of 

personalization is very difficult, even though most therapists attempt to cater to each 

patient’s need. To understand more about how to design patient-specific therapies, a better 

understanding of the impairments caused by stroke is critically important. The most 

common type of impairment caused by stroke is motor impairment, followed by speech, 

vision, sensation, and other forms of impairments (Langhorne et al., 2011).  

Motor impairment is the restriction or loss of muscle control or movement leading 

to difficulty in independent mobility. Almost 80% of stroke survivors experience some 

form of motor impairment such as limitation in control of muscles in the face, arm, legs of 

both sides, or a particular side of the body (Langhorne et al., 2009). These impairments 

cause the stroke survivors to be limited in motion and ultimately depend on others for their 

daily activity. Studies have shown that this sudden lack of motor control causes stress and 

emotional changes, which result in depression and lack of motivation in future 

rehabilitation (Nancy E. Mayo et al., 1999). Motor impairment rehabilitation is generally 

classified into upper and lower extremity rehabilitation, which focuses on areas around 

arms and legs, respectively. Classification of stroke impairment also includes 

hemiparetic/hemiplegic presentation, meaning there could be loss of strength in arm, leg, 

and sometimes face on one side of the body. Hemiparesis refers to a relatively mild loss of 

strength, while hemiplegia refers to a severe or complete loss of strength (Human 

Phenotype Ontology, n.d.). Another interesting aspect is the function of the head, trunk, 

and pelvis after stroke. The movement of these parts differs widely after stroke and that 

can cause difficulty in therapy sessions (Verheyden et al., 2011). In upper and lower limb 
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rehabilitation, the function and strength of the trunk can also be a predictor of recovery 

(Karatas et al., 2004; Verheyden et al., 2007). For this study, we shall focus on the upper 

extremity motor impairments and its effects on the various types of rehabilitation therapies, 

especially with respect to conventional and robotic therapy.  

Motor impairment is primarily caused by the injury to the motor cortex, premotor 

cortex, and motor pathways. These injuries are irreversible and permanent, but with proper 

attention and care, neuroplasticity can induce new pathways (Carey et al., 2019; Cramer & 

Riley, 2008). According to Langhorne et al. (2011), recovery of stroke is dependent on the 

site and size of the lesions in the brain. The process of recovery is through spontaneous and 

learning-dependent processes, such as restoring the functionality, reorganization of neural 

pathways, and compensation (Kwakkel et al., 2004; Langhorne et al., 2011). 

Neuroplasticity is the key to a stroke patient’s recovery. Let’s focus on some of the key 

factors of influence of neuroplasticity. 

 

Repetition (Massed Practice/Repetitive Practice) 

Learning or relearning a task without repetition causes little to no increase in 

synaptic strength. Thus, the learned skills are not going to be retained for a long time. 

However, repeating a task increases the synaptic strength, which implies that the skill 

learned will last longer, and it will improve on further repetitions (Kleim & Jones, 2008). 

According to de Sousa et al., 2018, they compiled data which shows that repetition as an 

intervention was able to influence motor recovery (de Sousa et al., 2018). The strength of 

the limbs involved in the repetition task also had a positive impact (de Sousa et al., 2018; 

French et al., 2016).  
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Studies indicate that repetition-based rehabilitation on animals with stroke is more 

effective than humans, and they also recover very quickly compared to humans (Krakauer 

et al., 2012; Randolph J. Nudo et al., 1996; Plautz et al., 2000). This is primarily due to the 

fact that animals perform relatively more repetitions when compared to humans. On 

average, an upper extremity treatment session for humans includes 39 repetitions in an 

active treatment time of 34 minutes (Lang et al., 2007). However, with the usage of modern 

equipment, we can achieve more repetition and training time. The best example is the use 

of robots in stroke rehabilitation. 

Overall, review articles (e.g., Maier et al., 2019) suggest that repetition in current 

standing is not fruitfully quantified or measured and seems to be confounded with other 

factors such as dosage and difficulty. Therefore, more clinical studies are needed (Maier et 

al., 2019). In terms of rehabilitation, motor repetition is considered to be one of the key 

factors by many studies that have found positive outcomes (de Sousa et al., 2018; French 

et al., 2016; Kleim & Jones, 2008; Veerbeek et al., 2014). 

 

Intensity / Dosage 

Along with repetition, another key factor for inducing neuroplasticity in stroke 

rehabilitation is Intensity / Dosage (Kleim & Jones, 2008). Intensity in rehabilitation is a 

factor in which the overall amount of training given to a person is increased. Various 

studies have shown that performing more intensive training can result in more synaptic 

connections in the motor cortex, and overall there is an increase in motor recovery (Kleim 

& Jones, 2008).  
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Although intensity/dosage is recognized to be a key factor in stroke rehabilitation, 

what is the optimal dosage? This question is not fully answered by decades of studies 

conducted on the interventions for stroke rehabilitation (Lang et al., 2015). Lang and 

colleagues reviewed several papers and concluded that there is a significant relation 

between Dosage and its influence on sensorimotor functional improvement. They also state 

that there is a positive relation between the dosage and the time of intervention. Although 

the studies which are compared here are different in design, they conclude that the dosage 

is a good stroke rehabilitation intervention in any phase of stroke except for the most acute 

phase of stroke that includes the first few hours or days after stroke. The results of the study 

conducted by Winstein et al. (2019) are consistent with this proposition. They had 41 

participants for the study and were divided randomly into 4 groups of different dosages 

(0hrs, 15hrs, 30hrs, 60hrs). After giving stroke rehabilitation (Accelerated Skill 

Acquisition Program) with the above-mentioned dosage, they analyzed the outcome using 

Fugl Meyer and Wolf Motor functional test. They concluded that there was a meaningful 

change in the motor function of the stroke participants with higher dosage (Winstein 

Carolee et al., 2019). 

Overall, many studies have concluded that dosage is a significant factor in stroke 

rehabilitation. Although it is not clear when the timing is optimal to deliver a certain 

amount of therapy, there is general agreement that dosage/intensity is a key factor, and it 

should be strongly considered while performing stroke rehabilitation (Cramer et al., 2021; 

Lang et al., 2015; Winstein Carolee et al., 2019).  
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Difficulty 

Increasing the difficulty of the various tasks performed during stroke rehabilitation 

can influence superior learning and further improve the participant’s motor abilities (Maier 

et al., 2019). According to Pan et al., 2019, they conducted a study with variable difficulty 

levels on a robot-assisted stroke rehabilitation device. They derived a formula which gives 

a dynamic score based on which they would quantify the participant’s performance. Based 

on the score, the level of difficulty would change and thus influence the participant to 

perform the task without loss of interest (this can be related to salience which could be 

another factor) (Maier et al., 2019; Pan et al., 2019). According to Grimm et al., 2016, they 

performed a study with adaptable difficulty with a Virtual Reality (VR) based system in 

place. They change the length of the target location based on successful attempts, and when 

they are not able to reach the target, the VR system induces a virtual change in the target 

without any passive movements. This might in one way induce motor imagery which is 

also considered to be a factor for intervention in stroke rehabilitation (Grimm et al., 2016; 

Maier et al., 2019). 

Overall, stroke rehabilitation systems that can modulate task execution difficulty 

are on a rise and are generally used along with Virtual Reality (VR) and Robotics. Studies 

have shown beneficial outcomes in terms of motor recovery while using difficulty as an 

intervention (Maier et al., 2019). 

 

1.4 General Strategy for Stroke Rehabilitation 

Apart from the aspects mentioned above, there are some general strategies 

undertaken by physicians and stroke specialists. According to Langhorne et al. 2011, 
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Stroke rehabilitation can be considered as a cyclic process. This cyclic process starts with 

the 1. Assessment of the patient's condition, 2. Setting Targets/Goals, 3. Plan of 

Rehabilitation (Interventions), 4. Reassessments and repeat (Langhorne et al., 2011).  

Assessments: Therapists perform various assessments to quantify the patient's 

current function, spasticity, strength, and other outcomes, and using these assessments the 

stroke care units are able to plan the patient’s rehabilitation process.  

Goal Setting: After quantifying and assessing the patient’s current condition, the 

stroke care units set goals for the patient to achieve within the next couple of weeks.  

Intervention: In order to achieve these goals, appropriate interventions are to be 

given by the stroke care units at regular intervals. These interventions can be part of in-

patient and out-patient rehabilitation programs. Stroke care units utilize the critical weeks 

of the sensitive period to induce neuroplasticity. 

Reassessment: At this point of the stroke rehabilitation process, the patient 

undergoes assessments again, which will help determine the patient’s current condition. 

Based on this information further, goal setting and interventions are planned. This process 

is more likely to be repeated at least once until the patient recovers. 

 

1.5 Types of stroke rehabilitation 

There are several types of stroke rehabilitation interventions used currently in the 

world and to classify them all is very difficult. According to Cathy et al. 2020, interventions 

for stroke rehabilitation can be broadly classified into 4 categories such as Training 

Interventions, Technological Interventions, Pharmacological Interventions, and 

Neuromodulation interventions (Stinear et al., 2020). Currently, these interventions are 
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seldom given individually but rather given in a mixed format involving at least 2 of the 

above-mentioned interventions. The focus of this report is on conventional and robotic 

stroke rehabilitation. 

 

Conventional Stroke Rehabilitation 

Conventional therapy is a form of stroke rehabilitation consisting of physical 

therapy, occupational therapy, and speech therapy, primarily focusing on improving 

patient’s daily activities by relearning and coordination of skills (Recovering From Stroke 

| Cdc.Gov, 2020). Conventional therapy focuses on customized exercises based on the 

patient’s feedback and functional status (Chang & Kim, 2013). Also, some therapists 

perform therapies using treatment approaches such as Proprioceptive Neuromuscular 

Facilitation (PNF) and Neuro Developmental Treatment (NDT)/ Bobath. PNF is 

considered to be very effective in terms of increasing the range of motion (Yıldırım et al., 

2016). Bobath concept is more focused on improving both functional activities and the 

impairment along with efficiency of movement (Kollen et al., 2009).  

Although conventional therapy is considered to be a more reliable and widely used 

form of therapy worldwide, in recent years, we can observe the rise in usage of assistive 

technology in stroke rehabilitation (Langhorne et al., 2011).  

 

Robotic Stroke Rehabilitation 

Another form of therapy which is currently on rise is robot-assisted stroke 

rehabilitation that delivers high dosage and high intensity training to stroke patients (Chang 
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& Kim, 2013).  Robotic therapy used for upper extremity rehabilitation broadly combines 

the following (Fasoli et al., 2004; Hatem et al., 2016; Hidler et al., 2005): 

1. Mechanical component which is generally motorized. The affected hand is 

placed or attached on to this mechanical component to provide passive or active 

movement training. 

2. Visual feedback component through a display monitor. 

3. Software which enables selection of games/tasks with an ability to 

automatically or manually change the difficulty of the game/task to maintain 

the patient’s motivation. 

Various studies have found that neuroplasticity in stroke patients is linked to 

intervention dosage, intensity, repetition, difficulty, salience (Maier et al., 2019; Roger et 

al., 2011). Literature suggests robotic therapy is able to induce high dosage, high repetition 

training to stroke patients, which makes it a viable option for recovery in stroke patients 

(Hatem et al., 2016; Sivan et al., 2011) (see Methods for a more description about robotic 

therapy). However, the extent to which robotic therapy may provide greater benefits than 

conventional therapy remains mostly unclear.  

 

1.6 Gaps in literature 

Conventional therapy is known to be used widely in the stroke rehabilitation 

process when compared to Robotic therapy. However, studies have indicated that robotic 

therapy provides more repetition, intensity, difficulty, which are the factors of influence of 

neuroplasticity (Chang & Kim, 2013; Hatem et al., 2016; Sivan et al., 2011) (see Methods 

for a more description about robotic therapy). The concerning factor here is that very few 
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studies are known to compare the individual effects of these two therapies directly, and 

most of the studies combine robotic therapy with conventional therapy (Dehem et al., 2019; 

Keeling et al., 2021; Taveggia et al., 2016) (See Discussion for more details about the 

inconsistency). To address this gap in determining which among these two therapies have 

more beneficial outcomes in terms of recovery, there is a need to analyze both the therapies 

individually. However, before conducting such a study, it is imperative to lay down a 

proper experimental procedure taking into consideration how previous studies were 

executed (Sivan et al., 2011). Therefore, this report/thesis will try to study previous robotic 

therapy research and document an experiment which closely resembles conventional 

therapy. Ultimately, this study will further proceed to conduct an experiment over a short 

typical course of rehab, which replicates the time and interventions given in a typical 

outpatient course of therapy. At the same time, the study will analyze the recovery of the 

stroke patients while trying to reduce or uniformly maintain any confounding factors. The 

final results of the study will help identify the amount of neuroplasticity induced by the 

proposed conventional and robotic therapy. 
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CHAPTER 2 

METHOD 

 

2.1 Advances in Conventional & Robotic therapy 

Conventional Stroke Rehabilitation 

Conventional therapy is the most widely used therapy in stroke rehabilitation. The 

most fundamental components of conventional therapy are the Physical, Occupational, and 

Speech therapy. However, the current state-of-the-art conventional therapy is Constraint-

Induced Movement Therapy (CIMT) and studies have indicated that it is an effective 

therapy (Bang et al., 2018; Ju & Yoon, 2018; Uswatte et al., 2018). In CIMT, the patient’s 

unaffected arm is restrained from use and the affected arm is forced to use (Pollock et al., 

2013). Although some argue that, as the unaffected arm is restrained using arm sling or 

something similar, CIMT should be classified as assistive technology. However, since the 

affected arm is performing exercise-based tasks, CIMT is classified under conventional 

therapy. Most importantly, CIMT induces difficulty in the tasks performed by the patients 

and thus it influences neuroplasticity. Along with CIMT, another promising conventional 

therapy is Mirror Therapy (MT). While performing mirror therapy, a mirror is placed next 

to the unaffected arm, blocking the view to the affected arm. As the unaffected arm moves 

it creates an illusion of both arms functioning. This movement of the unaffected arm is 

perceived as the movement of the affected arm and this thought to be inducing 

neuroplasticity by exciting ipsilateral motor cortex projecting to the paretic limb 

(Deconinck et al., 2015). Studies of MT showed motor and sensory improvements in stroke 

patients (Gandhi et al., 2020; M. M. Lee et al., 2012).  Neurodevelopment Treatment 
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(NDT), also commonly known as Bobath Concept, is a treatment or evaluation approach 

used by therapists for individuals with motor difficulties acquired by neurological 

conditions such as stroke (Besios et al., 2019; Bobath Approach, n.d.). NDT is commonly 

used as part of stroke rehabilitation programs and it is considered to be effective in 

improving motor functions (Besios et al., 2019). Neuromuscular electrical stimulation 

(NMES) is a therapeutic intervention in which electrical stimulations are aimed at the 

recovery of the paretic limbs after stroke (Langhorne et al., 2009; Takeda et al., 2017). 

NMES is often used to strengthen muscles, induce motor recovery and reduce spasticity 

(Takeda et al., 2017). Studies have shown that NMES is effective when used in conjunction 

with conventional exercises performed by therapists (Knutson et al., 2015; Sahin et al., 

2012; Tashiro et al., 2019). Therapists at Barrow Neurological Institute (BNI) also 

confirmed their use of NMES and mentioned that it is more effective to provide NMES 

when patients put in effort to the movement.  

Physical therapy (PT) aims at improving the patient’s strength, mobility, movement 

of a limb by using various exercises. Occupational therapy (OT), on the other hand, focuses 

mainly on the patient’s functional and purposeful tasks to improve activities of daily living 

(ADL), cognition, perceptual and sensory outcomes (Franceschini et al., 2020; 

Rehabilitation After Stroke, n.d.). However, the overall aim of both types of therapy is to 

regain as much mobility of the body within a limited timeframe. Unlike other forms of 

stroke therapy, conventional stroke therapy is widely dependent on manual exercises 

assisted by a therapist. Physical and occupational therapists progressively assess the 

patient’s recovery. Based on the patient’s recovery, they progressively increase the 

intensity/difficulty to the limits of the patient's ability, while adjusting in real time the 
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delivery of the interventions to optimize recovery. In conventional therapy, there is no one 

exercise or sub therapy which is better than other, but based on the literature and discussion 

with BNI, it can be perceived that conventional therapy is reliant on mixture of all the sub 

therapies and exercises.  

 

Robotic Stroke Rehabilitation 

Stroke robotic therapy is a new therapy relative to conventional therapy. Robotic 

therapy as mentioned earlier uses motorized mechanical component on which the affected 

arm is placed or attached to perform passive or active training sessions. Software systems 

along with display screens are used to provide interactive visual feedback (Fasoli et al., 

2004; Hatem et al., 2016; Hidler et al., 2005). 

In terms of stroke rehabilitation, robotic devices can be classified into two categories: (1) 

end-effector robotic devices and (2) exoskeleton robotic devices. This classification is 

primarily for robotic devices used for upper extremity stroke rehabilitation. While using 

end-effector robotic devices, patients are dependent on using their most distal part of the 

affected limb for exerting force (Duret et al., 2019). In most cases, the distal part of the 

affected limb must be attached to the robotic device or must hold the arm of the robotic 

device. In contrast, exoskeleton devices are generally wearable electro-mechanical devices 

which mimic the kinematic configuration of the human joints (Duret et al., 2019; S. H. Lee 

et al., 2020). Apart from general strategies of stroke rehabilitation (Early Rehabilitation, 

Multidisciplinary teams, and Duration of the treatment), the patient’s recovery is dependent 

on neuroplasticity (Pekna et al., 2012). Repetition, high-intensity training, and difficulty 

are some of the many known factors which influence neuroplasticity (Kleim & Jones, 
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2008). Currently, robotic devices both end-effector and exoskeleton provide these factors 

of influence with minimal supervision from the therapists. Adding to these benefits, robotic 

therapy is now provided along with newer forms of interventions. Studies have shown that 

robotic therapy with Neuromuscular Electrical Stimulation (NMES) to be effective when 

compared with just robotic therapy (Y. Huang et al., 2020). They showed improvement in 

voluntary motor recovery, muscle coordination, and reduction in spasticity for the group 

which combined NMES and Robotic therapy. The study concludes that robotic therapy 

should be combined with NMES to be an effective upper limb rehabilitation for stroke 

patients (Y. Huang et al., 2020). Overall, robotic therapy in stroke rehabilitation with or 

without additional interventions (such as NMES), still appears to be a promising approach 

and the results show us that robotic therapy has a great influence in a stroke patient’s 

recovery (Bustamante Valles et al., 2016; Calabrò et al., 2019; Dehem et al., 2019; 

Franceschini et al., 2020; Keeling et al., 2021; Orihuela-Espina et al., 2016; Takahashi 

Kayoko et al., 2016; Taveggia et al., 2016). However, there are some contradictions to 

robotic therapy in the literature (Discussed under the title “Can stroke robotic therapy 

substitute conventional therapy?”) 

 

Conventional versus Robotic Stroke Therapy 

Conventional therapy with its state-of-the-art Constraint-induced movement 

therapy, mirror therapy, neuromuscular electrical stimulation, and other approaches have 

improved stroke patient recovery in most of the cases (Bang et al., 2018, p. 2; Besios et al., 

2019; Gandhi et al., 2020; Ju & Yoon, 2018; Langhorne et al., 2009; Takeda et al., 2017; 

Uswatte et al., 2018). However, when we compare conventional therapy to most of the 
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robotic therapy, we find that conventional is not as effective. A trial conducted by Takashi 

and colleagues, compared robotic therapy with conventional therapy on 60 stroke patients. 

They concluded that robotic therapy has improved upper extremity impairments in 

comparison to conventional therapy. In a similar trial conducted by Dehem and colleagues 

on 45 acute stroke patients comparing conventional and robotic therapy, they concluded 

that robotic therapy resulted in more upper limb function. In similar studies, we can find 

that robotic therapy has improved upper limb function in comparison to conventional 

therapy (Bustamante Valles et al., 2016; Calabrò et al., 2019; Franceschini et al., 2020; 

Keeling et al., 2021; Orihuela-Espina et al., 2016; Taveggia et al., 2016).  Therefore, the 

above-mentioned research suggests that robotic therapy is more effective in terms of upper 

extremity function. In that case, can we replace conventional therapy with robotic therapy? 

We shall look into some limitations about robotic therapy in the literature. 

 

Can stroke robotic therapy substitute conventional therapy? 

Similarly, state-of-the-art robotic therapy has been utilizing various robotic devices 

to improve stroke patient’s recovery (Hatem et al., 2016; Langhorne et al., 2009). However, 

there are quite a few contradictions posed by robotic therapy. Trials conducted by Rodgers 

and colleagues, and another trial conducted by Sale and colleagues both used the same 

MIT-MANUS robotic device for their robotic intervention in comparison to conventional 

therapy. However, the two failed to reciprocate similar results in comparison to 

conventional therapy. Rodgers and colleagues, concluded that robotic therapy did not 

improve upper limb function when compared with usual care for stroke patients (Rodgers 

et al., 2019). While Sale and colleagues, concluded that robotic therapy did improve upper 
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limb function when compared with conventional therapy (Sale et al., 2014). Another study 

conducted by Lo and colleagues, compared robotic therapy with usual care (Clinic visits 

and rehabilitation for some patients) and intensive comparison therapy (which was 

equivalent to conventional stroke therapy). After completing 36 sessions (over a span of 

14 weeks) of the respective therapy, assessments were conducted at 12 weeks and 36 

weeks. The trial concluded that robotic therapy did not improve motor function as 

compared to usual or intensive comparison therapy at 12 weeks. However, assessments at 

36 weeks, found that motor function of robotic therapy was found to be better when 

compared to usual care but not with intensive comparison therapy (conventional stroke 

therapy). Overall, the trial concludes by stating that robotic therapy is not as effective in 

motor recovery when compared with intensive or usual care.  

It was also noted that many studies comparing conventional and robotic therapy, 

did not have robotic therapy conducted alone. Instead, studies used robotic therapy as an 

adjunct to conventional therapy and compared that with conventional therapy alone. Trials 

conducted by Keeling and colleagues (2021), Takahashi and colleagues (2016), and 

Taveggia and colleagues (2016), used the same method of combining robotic and 

conventional therapy in comparison with conventional therapy and concluded that the 

combined group had more improvements in terms of upper limb function (Keeling et al., 

2021; Takahashi Kayoko et al., 2016; Taveggia et al., 2016).  

This leaves us with more questions than answers, the contradiction of results in 

both conventional and robotic therapy, encourages us to conduct a study which compares 

the individual effects of robotic therapy and conventional therapy on the changes in 

sensorimotor function.   
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2.2 Recommended features of the study 

Length of the study 

Based on the literature and previous studies(Aprile et al., 2020; Bustamante Valles 

et al., 2016; Calabrò et al., 2019; Dehem et al., 2019; Franceschini et al., 2020; Keeling et 

al., 2021; Massie et al., 2016; Orihuela-Espina et al., 2016; Rodgers et al., 2019; Takahashi 

Kayoko et al., 2016; Taveggia et al., 2016), length of the study is highly variable, and range 

from 2 weeks (Aprile et al., 2020) to 12 weeks (Orihuela-Espina et al., 2016; Rodgers et 

al., 2019). However, on average, studies concluded within 7.5 weeks of intervention with 

4.75 sessions per week (Bustamante Valles et al., 2016; Calabrò et al., 2019; Franceschini 

et al., 2020; Keeling et al., 2021; Orihuela-Espina et al., 2016; Rodgers et al., 2019; 

Takahashi Kayoko et al., 2016; Taveggia et al., 2016). 

Repetitive and intensive form of training is believed to be some of the factors that 

influence for neuroplasticity (Kleim & Jones, 2008; Maier et al., 2019). However, 

distributed practice is one of the best way to retain learning over time (Krakauer, 2006). A 

study conducted by Dettmers and colleagues (2005), compared CIMT therapy on stroke 

patients using two modes of practice, massed practice, and spaced practice (Dettmers et al., 

2005). The massed practice group received 6 hours of training for 10 days and the 

distributed practice group received 3 hours of training for 20 days. The study concluded 

that the distributed CIMT group improved in motor function, muscle strength, and 

spasticity in comparison to massed CIMT group.  
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Therefore, it is recommended that the study be at least 7 weeks long and have a 

space practice of at least 4 sessions per week. 

Inclusion and Exclusion 

The inclusion criteria of any study need to be very specific and should be closely 

monitored with the requirement of the study. In terms of stroke, there are many 

specifications that need to be taken into account, including but not limited to age, pain 

tolerance, range of motion, muscle stiffness, and the phase of stroke (Aprile et al., 2020; 

Keeling et al., 2021). Based on the timing of rehabilitation (see Introduction), we can focus 

on the early stages of stroke patients for the study. However, it is important to avoid 

intervention in the very early stages of stroke as suggested by studies using non-device 

assisted therapy (Bernhardt et al., 2017; Boake et al., 2007). Therefore, it is recommended 

to start the study 5 to 6 weeks from the onset of stroke based on previous literature (Dehem 

et al., 2019; Franceschini et al., 2020; Keeling et al., 2021; Takahashi Kayoko et al., 2016). 

Based on the literature, the following inclusion and exclusion criteria need to be considered 

when designing a study on stroke patients targeting sensorimotor function of the upper 

limb: 

1. Age (18+) 

2. Had Stroke 

3. How long since stroke? (Preferably 5 to 6 weeks from the onset of stroke) 

4. Pain tolerance for each study session 

5. Limited or no contractures 

6. Range of Motion (Shoulder) 

7. Have muscle strength to perform the study session  
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8. Ability to comply with the therapists in charge 

9. Adequate cognitive and language abilities to understand the study session. 

 

Corticospinal tract integrity 

To assess the integrity of the corticospinal tract, transcranial magnetic stimulation 

(TMS) has been found to be a valuable tool for predicting the extent of recovery of stroke 

patients (Ward, 2011). According to Heald et al. 1993, when conducting TMS, the presence 

of Motor Evoked Potentials (MEPs) often indicated that recovery was possible with motor 

practice for up to 3 years. However, in the absence of Motor Evoked Potentials (MEPs), 

recovery was difficult to predict (Heald et al., 1993). Therefore, the presence/absence of 

MEPs should be considered as an additional inclusion/exclusion criterion.  

 

Predict Recovery Potential 2 (PREP2) 

Predict Recovery Potential 2 (PREP2) is an algorithm which uses clinical measures 

and neurological biomarkers during the first few days after the occurrence of stroke to 

predict upper-limb functional outcomes at 3 months (Stinear et al., 2017). This method 

could be used as a complementary or alternative inclusion/exclusion criterion relative to 

TMS if time is limited. 

 

Functional assessments 

When conducting stroke research, it is important to assess the patient’s conditions 

on a regular basis to provide tailored rehabilitation because every stroke is unique, and one 

process cannot be applied to all patients. To understand the functional status of a stroke 
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patient, functional assessments need to be conducted. Each assessment has its own 

strengths and weaknesses, and therefore one should consider combining some or most of 

clinically validated assessments. At the same time, for practical reasons, one should avoid 

administering functional assessment tests that provide overlapping/redundant information. 

In the literature reviewed, majority of the research conducted used Fugl-Meyer Assessment 

of Motor Recovery after Stroke (FMA) as one of the assessments (Aprile et al., 2020; 

Franceschini et al., 2020; Keeling et al., 2021; Massie et al., 2016; Takahashi et al., 2005). 

This is primarily because FMA is considered to be the gold standard in motor recovery 

assessment worldwide (Teasell et al., 2009). However, the main limitation of this 

assessment is that FMA can be very time consuming. The Modified Ashworth Scale (MAS) 

is another commonly used assessment and it is generally used to assess the patient’s 

spasticity. It is recommended to use these two assessment tools in the proposed study 

design as they are accepted worldwide, can be interpreted by clinicians, and cover a broad 

range of motor recovery and spasticity metrics.  

 

Here is a summary of the recommended assessments: 

1. Fugl-Meyer Assessment of Motor Recovery after Stroke (FMA): It is used to 

assess motor function, sensation, balance, joint function, and pain in post-stroke 

patients. It is considered a gold standard in research and can be used as an 

assessment to reflect patient recovery. However, it is a time-consuming process and 

is also referred to be not very responsive to chronic stroke patients (Teasell et al., 

2009; J. H. van der Lee et al., 2001). 
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2. Modified Ashworth Scale (MAS): This scale is used as the primary clinical 

measure for tone as perceived by the examiner. It is widely accepted and can be 

considered the clinical standard test for tone. Even though it is considered a 

standard, there is no standardized testing protocol or guideline mentioned for MAS. 

In the study conducted by Balkburn and colleagues (2002), the assessors were not 

trained well enough and therefore it resulted in poor levels of interrater reliability 

(Blackburn et al., 2002; Teasell et al., 2009). 

3. The Action Research Arm Test (ARAT): It is based on performance of the stroke 

patient’s upper extremity function and dexterity (Hsueh & Hsieh, 2002). It is a 

relatively short assessment tool with simple measures of upper limb function. It 

covers a wide range of aspects such as arm function, including proximal control 

and dexterity. The administering of the test can take more than 20 mins in relatively 

more impaired patients (Teasell et al., 2009). According to Van der Lee and 

colleagues (2002), the test might not be sensitive enough to detect changes in 

severely impaired patients (Johanna H. van der Lee et al., 2002). 

4. Barthel Index (BI): Intended to quantify the ability of a patient with 

neuromuscular or musculoskeletal disorder to selfcare on a simple index of 

independence (Teasell et al., 2009). The major advantage of BI is its simplicity and 

ease to administer. Major drawback in BI is the lack of agreement with respect to 

the threshold of dependence/independence and also the different scoring systems 

presently used. 

5. Motor Assessment Scale: Developed to assess everyday motor functions after 

stroke, it evaluates motor performance of functional tasks (Malouin et al., 1994; 
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Teasell et al., 2009). It is a short and simple test to perform and that is one of its 

advantages. However, the scoring hierarchy had some issues. According to Poole 

and Whitney (1988) and Moulin et al. (1994), patients were able to perform the 

most difficult task in the test and at the same time find it hard to complete the easier 

task (Malouin et al., 1994; Poole & Whitney, 1988). 

 

6. Nine-hole Peg Test (NHPT) is one of the fastest amongst the assessment 

mentioned here. It quantifies fine manual dexterity. NHPT is considered very 

reliable and is widely accepted for adults and pediatric populations. However, 

according to Cohen & Marino (2000), NHPT results are set to improve with 

practice which is a drawback (Cohen & Marino, 2000; Teasell et al., 2009). 

 

Timing of functional assessment is another important factor. Ideally, the assessment 

should be conducted after every session of intervention. However, practically it consumes 

a lot of time, and therefore, the best and most common method is to perform the assessment 

pre- and post-intervention. Hence, it is recommended that a mixture of assessments or an 

extensive assessment like Fugl-Meyer be conducted before and after the entire intervention 

period. 

 

Robotic functional assessment 

Robotic devices are equipped with sensors and various hardware that can analyze 

patient’s functional capabilities such as patient’s movement trajectory, forces applied, 

range of motion, displacement and velocity. These data sets are not standardized in terms 

of clinical assessments mentioned earlier but they can provide very valuable and objective 
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information. Specifically, these data sets can help understand the patient’s recovery 

trajectory throughout the course of intervention. In addition, these raw data are generated 

as the patient is performing training, which saves time for both the therapist and the patient. 

It is recommended to use these robotic assessments if available and feasible. 

 

Equipment 

 
Figure 5: Some equipment used in conventional therapy.  (L.-L. Huang et al., 2013) 

 

 

Conventional therapy 

Conventional therapy is highly reliant on physical exercises performed under 

therapist’s supervision.  But there is various equipment used for conventional therapy and 

each one of them has its significance. The figures 5, 6, and 7, show some of the equipment 

used in conventional therapy. The literature does not explicitly focus on the equipment or 

brand of equipment used in conventional therapy. 
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Figure 6: Constraint-induced movement therapy performed in a study. (Kwakkel et al., 

2015) 

 

 
Figure 7: Mirror therapy (Corbetta et al., 2018) 

 

Robotic therapy 

Robotic devices for upper limb rehabilitation, as mentioned earlier, are broadly 

classified under two categories end-effector and exoskeleton. Which of the two is more 
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effective in promoting functional recovery in stroke according to the literature? Peer-

reviewed literature shows that both exoskeleton and end-effector based devices are 

effective and provided improvement in patient’s overall recovery (Corbetta et al., 2018; 

Dehem et al., 2019; Keeling et al., 2021; Taveggia et al., 2016). A study conducted by Lee 

and colleagues (2020), compared an end-effector robotic device with an exoskeleton 

robotic device. They concluded that the end-effector robotic device is better than 

exoskeleton device in terms of activity (using Wolf Motor Function Test - Functional 

ability rating scale and Time) and participation (using stroke impact scale) (S. H. Lee et 

al., 2020). Although studies have used exoskeleton robotic device, it is recommended to 

use end-effector robotic device as it is found to be better than exoskeleton devices. The 

ArmMotus M2 which is an end-effector robotic device seems to be a good candidate. The 

device is capable of providing high-level customized intervention. Different modes of 

training can be provided based on the level of impairment present in the stroke patient. The 

mode of training can be manipulated further to personalize the intervention provided. There 

are various patterns of movement which can be performed using the M2 robotic device. 

There are many games in the M2 device which is highly salient will help in inducing 

neuroplasticity. (More details mentioned below under the Study Intervention section) 
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Figure 8: Fourier Intelligence ArmMotus M2 (left side) (a typical end-effector robotic 

device used for upper extremity stroke rehabilitation) Figure 9: Kinarm Exoskeleton 

(right side) (a typical exoskeleton robotic device used for upper extremity stroke 

rehabilitation)(Kinarm Exoskeleton Lab, n.d.) 

Study Interventions 

In conventional rehabilitation, there are several exercises and sub therapies being 

used presently (many of which are mentioned in the previous paragraphs). Based on the 

literature review conducted for this thesis, it is recommended that conventional therapy in 

the pilot study include the newer and the more effective interventions along with the 

traditional ones. As we know that repetition is a key factor of neuroplasticity, it is a good 

practice to quantify the number of repetitions performed in the study. Studies conducted 

by Lang and colleagues have attempted to quantify the number of repetitions used for 

stroke rehabilitation in a clinical setting (Lang et al., 2009, 2015). These studies found that 

the average number of repetitions for upper extremity rehabilitation was close to 32 in 

clinical setting. However, this number of repetitions are significantly smaller than those 

needed to promote improvement in upper limb motor function (Lang et al., 2009). In animal 
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studies, which includes healthy monkeys and rats, around 400 to 600 upper extremity task 

repetitions were necessary to observe skill learning changes in cortical representations 

(Kleim et al., 1998; R. J. Nudo et al., 1996). In a similar stroke model animal study, 

monkeys performed an upper limb task with around 600 repetitions per day. This number 

of repetitions was able to reverse the harmful effects of the cortical lesion (Randolph J. 

Nudo et al., 1996). Overall, we can see that animal studies required far more repetitions to 

induce improvements in lesioned cortical areas after stroke. Even though it is often not 

feasible to increase the number of movement repetitions in clinical settings, keeping track 

of the number of repetitions should be one of the key features of stroke studies to allow 

comparison with previous work. Therefore, we recommend that the therapist performing 

both conventional and robotic therapy quantify the number of repetitions provided during 

both interventions. Tally counters or a checklist can be used during conventional therapy. 

However, during robotic therapy the therapist can choose to do the same or use the robotic 

assessment system to track the movement repetitions. 

Here is a list of potential new and effective exercise and sub therapies (It is 

important to note that the therapies are not limited to these mentioned below and that it is 

imperative to include other physical and occupational exercises): 

1. Constraint induced movement training (CIMT): Constraint-induced movement 

therapy has shown clinical improvements in stroke patient’s force control (force 

and torque regulation) and overall motor function (Alberts et al., 2004; Batool et 

al., 2015). CIMT in acute/subacute phases of stroke is known to be effective in 

improving muscle strength and spasticity (Teasell et al., n.d.). However, 

according to Marcus and colleagues (2018), they state that CIMT trials have a lot 
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of contradictory conclusions in terms of the improvements in motor function 

(Marcus Saikaley et al., 2018). 

2. Mirror therapy: Mirror therapy studies have indicated that the therapy improves 

motor function and dexterity (Bai et al., 2019; Chaudhari et al., 2019; Chinnavan 

et al., 2020; Madhoun et al., 2020). However, studies have mixed conclusions 

regarding the improvements in activities of daily living (ADLs), spasticity, and 

muscle strength on stroke patients (Antoniotti et al., 2019; Marcus Saikaley et al., 

2018; Teasell et al., n.d.). 

3. Neuromuscular electrical stimulation (NMES): NMES has shown improvements 

in stroke patient’s motor function and motor coordination (Y. Huang et al., 2020). 

However, mixed conclusions were found in terms of spasticity and range of 

motion (Teasell et al., n.d.). 

4. Process: Neuro Developmental Treatment (NDT)/ Bobath Concept: Bobath 

concept focuses on motor recovery of an individual’s affected region (Michielsen 

et al., 2019). NDT/Bobath are approaches that focuses on motor recovery such as 

motor function, movement, and tone. 

5. Occupational therapy: Activities of daily living (ADL) tasks such as self-feeding, 

grooming, and functional purposeful activities such as writing, sorting objects, 

reaching for glass. 

6. Physical Therapy: Physical therapy includes exercises that help strengthen muscles 

for mobility, movement of a limb by using various exercises. Exercises generally 

include but are not limited to stretching, passive/active movements, weight bearing 

on affected arm (Rehab Therapy After a Stroke, n.d.). 
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In robotic therapy, intervention can be highly customized to the patient. The ability 

to make these customizations on a real-time basis on robotic devices and to mimic the 

customization that physical or occupational therapists implement when working with 

stroke patients on a real-time basis is very important. To make the pilot study informative, 

it is imperative that the functions targeted by exercises and other activities performed by 

both conventional and robotic therapy are very similar. At the same time, it is necessary 

that the unique strengths of each type of therapy are optimally leveraged. One of the main 

customizations that can be implemented when using robotic devices is the gamification of 

exercises. By using the movements of the exercises to be part of a game, therapy can be 

customized according to the clinical status of the patient and the specific objective of the 

therapy. Currently, most of the end-effector devices are already developed with this feature. 

Figure 10 to Figure 16 shows us the games used in Fourier Intelligence ArmMotus M2 

end-effector robotic device. While selecting games in robotic devices, it is recommended 

to have games which mimic or closely resembles the functions targeted by conventional 

therapy. These games should also allow adjusting motor execution difficulty, e.g., amount 

of force to be exerted and the level of difficulty. Since games in ArmMotus M2 have these 

features, a detailed analysis of the games in ArmMotus M2 was conducted. 
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Review of Games and features in ArmMotus M2 

1. Botanical Garden 

 

Figure 10: Game on ArmMotus M2 (Botanical Garden) 

Game Gist: The game wants the subject to move towards the target vegetable or 

fruit. The vegetable or fruit is placed in a different location one at a given time. The cursor 

on the screen is to be moved using the robotic arm. As the cursor reaches the target the 

subject will have to wait for a second or two which results in points scored and a new target 

appears. There are bonus points when the subject has reached a fixed number of targets. 
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2. Ball 

 

Figure 11: Game on ArmMotus M2 (Ball) 

Game Gist: Ball is a very simple game and is quite similar to Botanical garden. The 

ball in the game needs to be moved using the robotic arm to the target animal in the game. 

Reaching the target will result in 50 points. The target animal disappears in 10 seconds and 

a new animal appears. 
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3. Magic Ball 

 

Figure 12: Game on ArmMotus M2 (Magic Ball) 

Game Gist: The goal of the game is to move the ball to the target yellow circle. 

After reaching the target the subject will wait for 1 or 2 seconds and a new target location 

will appear. The closer you are to the circle the more points you receive. 

4. Defense Base 

  
Figure 13: Game on ArmMotus M2 (Defense Base) 
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Game Gist: The game is basically a shooting task where bird-like creatures are 

shooting stone-like objects at you and you have to shoot those birds with a gun. The subject 

will have to move the robotic arm to move the pointer on the screen towards the birds and 

as the pointer is in line with the bird in a second or two the gun shoots the bird down. If the 

subject is unable to reach the target bird, then after a few seconds a timer of 10 seconds 

will be displayed. Upon the timer being exhausted the target bird will vanish and a new 

target bird will be displayed. Appropriate score is given for hitting each target bird and if 

many birds are shot quickly additional points will be given. After hitting a certain amount 

of birds, a bigger bird will pop up. This change in game difficulty will induce salience in 

the subject playing the game. However, it becomes repetitive after some rounds of the 

game. 

5. Cube War 

  
Figure 14: Game on ArmMotus M2 (Cube War) 
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Game Gist: The game is relatively intense with a lot of graphics and an overall goal 

of shooting down objects like blocks and various sizes of spaceships. The game also comes 

with choices of weapon and environment. This feature can only be unlocked with coins 

that were collected previously. The game features a laser shooting cannon to destroy many 

target objects/spaceships. The pointer of the cannon is controlled by the subject using the 

robotic arm and moved towards the objects/spaceship. The game pauses as the main 

spaceship is destroyed and the game proceed to the next level of game difficulty. The game 

because of its graphics and overall gameplay seems to be attractive. The complexity and 

change in game levels will induce salience in stroke subject.  

6. Star/Galaxy Wars 

 
Figure 15: Game on ArmMotus M2 (Star/Galaxy Wars) 

Game Gist: The goal of the game is to destroy objects and spaceships coming 

towards you. We have a weapon to shoot the oncoming object and as we destroy the object, 

we earn points. At one stage we are supposed to just avoid the rocks coming towards us. 

There is a possibility of only moving along the x-axis and still proceeding with the game. 
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This could be decreasing the difficulty and number of movement repetitions in the game. 

Overall, the game seems to be not very easy neither very difficult. 

7. Color Rush/Dodgeball 

  
Figure 16: Game on ArmMotus M2 (Color Rush/ Dodgeball) 

Game Gist: The goal of the game is to move forward as much as possible without 

touching certain objects. The ball in the game is controlled by the robotic arm. The color 

of the ball determines which objects can be touched. If the color of the ball is white, then 

all white objects can be touched. The game also requires the subject to collect as many 

coins as possible by touching them. As we move forward there shall be few large objects 

[Figure 16 – large object on the upper right corner] passing with more speed and these 

objects should be avoided. The subject also cannot go to extreme corners of the pathway 

on which the ball is moving forward, as it will end the game. Due to these various features 

of the game, the subject might not be able to process everything and hence, find it difficult 

to understand. Overall, this can be considered the most difficult game in the M2 system. 
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But the issue here in the game is the possibility of avoiding objects without making any 

movements along the y-axis. 

Modes of training in ArmMotus M2 

The Fourier Intelligence ArmMotus M2 is equipped with four modes of training: 

1. Passive Mode: Using the passive mode, the robotic arm will make the movements 

to the targets by itself. The subject’s affected limb is placed on the robotic arm and 

this will help the subject who are severely impaired to start making movements. 

The parameter that can be changed in this mode is velocity of the robotic arm to the 

targets (2.5cm/s to 12.5cm/s). 

2. Assistive Mode: Using the Assistive mode, subjects will be able to move the robotic 

arm in accordance to the game. However, the robotic arm will also provide some 

form of assistance and this can be adjusted by the therapist when required. The 

range of assistance is 15 N to 32 N. 

3. Active Mode: In the active mode, the subject will be performing the movements 

with friction or resistance provided by the robotic device. The range of friction is 1 

N to 15 N. 

4. Resistive Mode: The resistive mode is similar to the active mode. However, the 

range of resistance provided by the device is larger. The range of resistance is 10 N 

to 25 N. 

The usage of passive and assistive mode seems to be useful for severely impaired 

and sensitive stroke patients. Active and resistive mode can induce an intensive form 

of therapy. Therefore, to provide a more intensive form of therapy it is recommended 

that we use Active and Resistive mode of training in M2. 
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Summary of the games in terms of salience 

Table 1: Summary of games in terms of salience 

Game Interaction Game 

Difficulty 

Salience 

Botanical 

Garden 

Single Target  Very Easy Low: No change in environment 

and some changes to objects 

Ball Single Target Easy Low: No change in environment 

and objects 

Magic Ball Single Target Very Easy Low: No change in environment 

and objects 

Defense Base Single Target Moderate Moderate: Change in 

environment and targets. 

Cube wars Multiple 

Target 

Moderate High: Interactive environment 

and optimate difficulty 

Star/Galaxy 

war 

Multiple 

Target 

Moderate High: Interactive environment 

and optimate difficulty 

Color 

Dodgeball 

Multiple 

Target 

Hard Moderate: Interactive 

environment and optimate 

difficulty but might be difficulty 

to learn 

 

Salience is an important factor that influences neuroplasticity in stroke patients. In 

robotic devices, games and its features are an optimal component to induce salience. 
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Therefore, the study has tried to classify the games based on the salience it might induce 

(Table 1). Games with multiple targets and interactive environment were more salient than 

a single target and non-interactive games. It is recommended to use Cube Wars, 

Star/Galaxy War, Defense Base, and Color Dodgeball as they are the 4 best games in terms 

of the salience and game difficulty. 

 

Difficulty of the intervention 

Difficulty is another important factor that influences neuroplasticity in stroke 

patients. Maintaining optimal difficulty is tough as it involves making decisions if the 

subject has fulfilled requirements to progress to the next level of difficulty. In the M2, there 

are modes which provide key features such as resistance or assistance to the movement. 

Using these modes, the therapist can induce different levels of difficulty by increasing or 

decreasing resistance or assistance.  

Therefore, the study recommends that the therapists make judgements on the 

patient’s progress and progressively increase or decreases the parameters of the 

recommended modes of training (Active and Resistive mode). 
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Similarity of the conventional and robotic therapy 

 

Figure 17: Pre-defined patterns of movement 

 

The attempt to make robotic therapy similar to conventional therapy is difficult and 

practically not always possible. Conventional therapy has a wide range of 

activities/exercises conducted under it such as weight bearing, NMES, CIMT, Mirror 

therapy, and freedom of motion. However, Robotic therapy is limited to the features of the 

device. Particularly in the M2, we cannot have a 3-Dimensional free form of movement, 

NMES, and mirror therapy. However, attempt was made to select the correct form of 

training which closely resembles the conventional therapy. Constraint-induced movement 

training is very similar to the active and resistive modes of training in the M2. The 

repetition of a particular movement which is necessary for targeting a particular muscle 

can be addressed in conventional therapy by the therapist instructing and helping in 

performing the action. However, we can recreate such actions using the M2 device. In the 

M2 device, there are few preinstalled patterns of movement which can be used during the 

training (Figure 17). Additionally, the M2 device also provides the feature to customize 
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and develop a new pattern of movement (Figure 18). Therefore, it is recommended that in 

order to make robotic therapy similar to conventional therapy, the therapists should use the 

features such as customizing movement patterns to target a region, or a particular muscle 

based on their judgement. Similarly, it is also recommended to use Active and Resistive 

mode to conduct intensive form of therapy. 

 

 

Figure 18: Developing customized patterns of movement 

 

Summary of ArmMotus M2 robotic device interventions: 

• Recommended games: Color Dodgeball/Rush, Cube wars, Defense Base and 

Galaxy/Star war 

• Recommended mode of training: Active and Resistive mode 

• Recommended features:  

1. Pattern customization to replicate conventional therapy patterns. 

2. Progressive increase and decrease of difficulty. 
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CHAPTER 3 

RESULTS 

 

 

The proposed design of the pilot study comparing conventional and robotic stroke 

therapy is based on the review of the literature and extensive discussion with the physical 

and occupational therapists at Barrow Neurological Institute (BNI) and faculty at Arizona 

State University.  

 
Figure 19: Conventional versus Robotic Stroke therapy (Pilot study design) 

 

3.1 Actual features of the study 

 

Number of Participants 

After meeting the inclusion and exclusion criteria, at least 12 participants will be 

recruited for the pilot study. The participants will be enrolled into the following groups: 

1. Conventional stroke therapy group (n=6) 

2. Robotic stroke therapy group (n=6) 
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Length of the study: 

The study will consist of nine therapy sessions and two assessment sessions 

conducted at the beginning and end of the study. Based on the logistics of conducting the 

study as discussed with therapists at BNI, overall length of the pilot study will be close to 

4 to 5 months. In Figure 20, we can see the expected timeline of the pilot study. 

 

 

Figure 20: Expected timeline of the pilot study. 

 

Assessments  

Based on the evaluation of the various assessments the following were included in 

the study: 

A. Clinical Assessments: 

1. Fugl Meyer Assessment for Upper extremity stroke (FMA): FMA has been 

selected to be the main assessment tool and will be conducted before and after 

the entire series of intervention. It is a standardized test conducted to worldwide 
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and is very extensively used in research studies. Moreover, this covers a vast 

range of upper-extremity assessments in a single test. 

2. Range of motion (ROM):  Range of Motion testing will be conducted before 

and after the study. The difference in the ROM before and after will be a good 

assessment of the patient’s recovery. 

3. Manual Muscle Test (MMT): Manual muscle test is a standardized tool to 

assess the patient’s muscle strength. Apart from being an assessment, it will be 

also used in the inclusion/exclusion criteria to determine if the participant will 

be able to interact with the robotic device. If muscle strength is low then 

participants can only use the device on passive mode, which limits the scope of 

the therapy.  

4. Corticospinal tract integrity using Transcranial Magnetic Stimulation (TMS): 

Conducting TMS will help determine the magnitude or occurrence of Motor 

Evoked Potentials (MEPs). These MEPs can be a predictor of recovery and 

hence conducting them will give access to very important data. In addition to 

being an assessment tool, the presence of MEPs will be considered as a potential 

inclusion/exclusion criterion.  

5. Borg Scale for perceived exertion: Borg Scale for perceived exertion is a 

measure of perceived intensity of physical activity. This assessment will assess 

each participant’s perceived physical activity during each study session. The 

intention of Borg’s scale is to understand the influence of difficulty in patient’s 

recovery (Perceived Exertion (Borg Rating of Perceived Exertion Scale) | 

Physical Activity | CDC, 2020).  
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B. Robotic Assessment: ArmMotus M2 is equipped with sensors which records 

various parameters during the study session. Parameters such as velocity, 

movement trajectory, and force exerted will help understand the patient’s recovery 

during the entire study session. 

 
Figure 21: Expected timeline of the pilot study from stroke onset. 

 

 

Inclusion and Exclusion 

After taking into consideration all the recommendations and discussion with BNI 

resulted in the following inclusion and exclusion criteria.  

Inclusion: Participants must meet all the following eligibility criteria at the time of entry: 

1. Male or female, age 18 years - 85 years inclusive. 

2. Stroke with hemiparesis with Manual Muscle Test (MMT) 2-/5 or greater in the 

shoulder. 

3. Acute Hemorrhagic or ischemic stroke patient. 
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4. Can tolerate greater than 1 hour of upper extremity (UE) therapy. 

5. Ability to follow one step commands. 

6. Shoulder Range of Motion (ROM) for use of device (shoulder flex to 90 degrees of 

flex required). 

7. No presence of contractures, particularly lacking greater than 20 degrees of elbow 

extension 

8. Informed consent. 

Exclusion: Participants missing out any one of the following will be excluded from the 

study: 

1. Shoulder pain greater than 4/10. 

2. Modified Ashworth of 1+ or greater. 

3. People with skin integrity issues at the sites of device human interaction. 

4. Upper Extremity fractures. 

5. Hemispatial neglect of the affected Upper Extremity. 

6. Heterotrophic ossification of the shoulder or elbow. 

7. Unwilling or unable to comply with the requirements of the study. 

 

Equipment & Experiment Intervention:  

1. Conventional therapy: Based on the recommendations mentioned in the method section 

and discussions with therapists at BNI a list of exercises and sub therapies were finalized 

for the therapy. These interventions will be performed by therapists based on their 

judgement and progressively the difficulty of each exercise will be increased based on the 

patient’s condition. Following are some of the Conventional neuromuscular re-education 
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for upper extremity which will be conducted at Barrow Neurological Institute during the 

pilot study:  

• Weight bearing on affected arm  

• Use of vibration for facilitation of affected muscle groups  

• Focus on proximal muscles then distal as active movement emerges  

• Reducing gravity/friction to increase active movements 

• Neuromuscular electrical stimulation (NMES) 

• Proprioceptive Neuromuscular Facilitation (PNF) patterns 

• Neuro Developmental Treatment (NDT)/ Bobath  

• Activities of daily living tasks (Dressing, self-feeding, grooming)   

• Manual contact, verbal feedback, visual integration/use of mirror, 

pressure/proprioceptive input. 

• Functional purposeful activities (example: reaching for glass in kitchen, playing 

tabletop game, writing, sorting medications, etc.)  

• Range of motion (Decrease flexor tone - focus on abduction, extension, external 

rotation) 

• Kinesiotaping (Used to decreased flexor tone, support shoulder with subluxation, 

increase proprioceptive input) 

 

2. Robotic therapy: Based on the recommendations provided, ArmMotus M2 seemed 

to be a good equipment to be used in the study, as it fulfilled many characteristics 

required for the study. In order to keep the therapy sessions consistent between 

conventional and robotics, a detailed analysis of the robotic intervention was 



55 

conducted. As the interventions are delivered in the form of games and hence, all the 

games were analyzed. Out of the many games in ArmMotus M2, 3 games (Cube war, 

Color Rush/Dodgeball, Galaxy/Star War) were chosen based on factors promoting 

neuroplasticity (Salience). Out of the many modes of training in the M2 robotic device, 

Active and Resistive mode of training was selected based on the difficulty and intensity 

that it provides. Therapists will judge the stroke patient’s ability and progressively 

increase or decrease the level of difficulty and intensity of the intervention provided. 

Finally, in order to replicate conventional therapy as much as possible, therapists will 

customize or use pre-defined patterns of motion on the M2 robotic device. 
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CHAPTER 4 

DISCUSSION 

 

In this thesis, a pilot study design was developed to compare the individual effects 

of robotic stroke therapy with conventional stroke therapy using acute stroke patients. The 

design of this study was developed using recent stroke literature and discussions conducted 

between therapists at Barrow Neurological Institute (Phoenix, Arizona) and faculty at 

Arizona State University.  

 

4.1 Addressing gaps in the clinical trial literature 

The study designed here tried to address the main gaps and limitations of previous 

studies by proposing potential solutions as described below. 

 

Lack of details about conventional therapy  

It has been a standard practice to compare an upcoming intervention with a 

traditional one to understand the benefits of the newer intervention. Generally, 

conventional therapy is used as the “baseline” for comparison with newer intervention, e.g. 

Robotic Gym with 6 robotic devices (Bustamante Valles et al., 2016), robot therapy using 

Amadeus Tyromotion (Orihuela-Espina et al., 2016), robot-assisted arm therapy, and hand 

functional electrical stimulation (Straudi et al., 2020). However, in reviewing the literature, 

it was noted that many stroke clinical trials do not provide sufficient details about what the 

conventional therapies entailed. For example, Dehem and colleagues (2019) compared 

robotic therapy with conventional therapy. Although this study provided details about the 
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robotic therapy, the only detail being mentioned about the conventional therapy was that it 

had delivered for same amount of time as the robotic therapy (Dehem et al., 2019). In a 

similar stroke study conducted by Rodgers and colleagues, conventional therapy was 

provided as the baseline in comparison to robotic therapy (Rodgers et al., 2019). They 

mentioned conventional therapy was conducted per NHS Care (UK) guidelines, which 

include physical therapy and occupational therapy. However, even though physical therapy 

and occupational therapy include a wide range of exercises and sub-therapies, there was no 

mention of what specific exercises were performed by the patients (Rodgers et al., 2019). 

In sum, lack of details about conventional therapy used in clinical trials prevents the 

assessment of whether robotic therapy might offer advantages relative to conventional 

intervention. To address this gap, this study was designed by including a detailed list of 

conventional therapies that should be used in future studies.  

 

Inconsistent results from clinical trials comparing conventional versus robotic 

therapy.  

The variation in the conventional therapy, can be a factor for change in the baseline 

for each study. A clinical trial Lo and colleagues (2010) conducted compared the robotic 

therapy with conventional and intensive therapy and concluded robotic therapy did not 

significantly improve upper limb motor function in comparison to conventional and 

intensive therapy (Lo et al., 2010). A clinical trial conducted by Sale and colleagues (2014), 

comparing conventional and robotic therapy concluded that robot therapy contributed to 

greater motor recovery of the upper limb in comparison to conventional therapy (Sale et 

al., 2014). A later clinical trial conducted by Rodgers and colleagues (2019), used the same 
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robotic device used by Sale and colleagues (MIT-MANUS) concluded that robotic therapy 

did not provide more upper-limb function in comparison to conventional therapy (Rodgers 

et al., 2019). Another clinical trial (Aprile et al., 2020) using 4 robotic devices in 

comparison to conventional therapy concludes that both robotic therapy and conventional 

therapy improved upper-limb motor function significantly but there was no difference 

between to the two. In sum, the results of clinical trials comparing robotic versus 

conventional therapy have yielded contradictory results. Part of this issue could be due to 

different methodologies used, including differences in the conventional therapy exercises 

(see above), the use of different robotic devices, and differences in delivery modalities 

(e.g., intensity, frequency) of either type of therapy. To address this issue, we analyzed the 

M2 robotic device and found variables that will focus on factors that influence 

neuroplasticity. Using these variables, such as salient games, difficulty level progression 

and optimal training modes, we shall conduct a pilot study.  In addition, we have tried to 

replicate conventional stroke therapy using customized and pre-defined movement patterns 

on M2 robotic device. We will then map the sensorimotor functions targeted by 

conventional therapy and robotic therapy groups using assessments tools such as Fugl-

Meyer Assessment. 

 

Inconsistency in design of clinical trials comparing conventional versus robotic 

therapy  

An interesting aspect of many clinical trials comparing conventional versus robotic 

therapy is that they combine robotic therapy together with conventional therapy as the 

experimental group (RT+CT) and compare it with a group of conventional therapy (CT) as 
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a baseline. Many hospitals refer robotic therapy as an adjunct to conventional therapy and 

studies have also found them to be reflecting positive results supporting combination 

RT+CT group to provide better upper-limb function (Dehem et al., 2019; Keeling et al., 

2021; Taveggia et al., 2016). However, the major concern here is that we are still not clear 

which of the two is causing the difference. Reviewing the literature, our understanding is 

that robotic therapy does improve upper-extremity function for stroke patients (Bustamante 

Valles et al., 2016; Calabrò et al., 2019; Dehem et al., 2019; Franceschini et al., 2020; 

Keeling et al., 2021; Orihuela-Espina et al., 2016; Sale et al., 2014; Takahashi Kayoko et 

al., 2016; Taveggia et al., 2016). However, some of those studies still recommend further 

investigation with larger population (Calabrò et al., 2019; Chinembiri et al., 2021; Keeling 

et al., 2021; Orihuela-Espina et al., 2016; Takahashi Kayoko et al., 2016). Hence, it is still 

not clear whether the extent to which robotic therapy is better than conventional therapy. 

To address this issue, we decided to have two groups of participants, that is, one group of 

participants with only conventional therapy and other group with only robotic therapy as 

intervention. We also made sure that the robotic therapy intervention closely resembles 

conventional therapy, thus we expect the results to provide a clear analysis of the two 

therapies. 

 

Ethical standpoint regarding the timing of the study 

This leads to an ethical standpoint where the study is providing robotics to a set of 

acute stroke patients and denying the same to the other set who will be performing 

conventional therapy. The timing of stroke is of importance here, especially since the study 

aims to deal with acute stroke patients. As mentioned earlier, the sensitive period is where 
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most of the neuroplasticity is expected to occur (Langhorne et al., 2011; Raffin & Hummel, 

2018). To address this issue, we will not include patients at an early stage of stroke. 

Instead, we will wait for the primary form of stroke rehabilitation to be completed, and 

after which the participant recruitment will be conducted. Thus, the study will not deny 

standard therapy to any participant instead additional therapy will be provided to the 

recruited participants free of cost. 

 4.2 Future Work 

The aim of this thesis is to develop a design that can conduct a fair pilot study. The 

results of the pilot study should be a good representation of the individual sensorimotor 

functions targeted by conventional therapy and robotic therapy. Analyzing the results of 

the study, a full-scale study should be devised to further validate the findings. Adding 

further to this, the factors that influence neuroplasticity can be studied in detail and 

quantified. The scope of the study can also result in inclusion of newer technologies such 

as Virtual Reality (VR) and Neurostimulation along with robotic therapy in future studies. 

 

 



61 

REFERENCES 

 

 

Alberts, J. L., Butler, A. J., & Wolf, S. L. (2004). The Effects of Constraint-Induced 

Therapy on Precision Grip: A Preliminary Study. Neurorehabilitation and Neural 

Repair, 18(4), 250–258. https://doi.org/10.1177/1545968304271370 

 

Antoniotti, P., Veronelli, L., Caronni, A., Monti, A., Aristidou, E., Montesano, M., & 

Corbo, M. (2019). No evidence of effectiveness of mirror therapy early after 

stroke: An assessor-blinded randomized controlled trial. Clinical Rehabilitation, 

33(5), 885–893. https://doi.org/10.1177/0269215518824737 

 

Aortic Aneurysm | NHLBI, NIH. (n.d.). Retrieved March 24, 2021, from 

https://www.nhlbi.nih.gov/health-topics/aneurysm 

 

Aprile, I., Germanotta, M., Cruciani, A., Loreti, S., Pecchioli, C., Cecchi, F., Montesano, 

A., Galeri, S., Diverio, M., Falsini, C., Speranza, G., Langone, E., Papadopoulou, 

D., Padua, L., Carrozza, M. C., & Group,  for the F. R. R. (2020). Upper Limb 

Robotic Rehabilitation After Stroke: A Multicenter, Randomized Clinical Trial. 

Journal of Neurologic Physical Therapy, 44(1), 3–14. 

https://doi.org/10.1097/NPT.0000000000000295 

 

Bai, Z., Zhang, J., Zhang, Z., Shu, T., & Niu, W. (2019). Comparison Between 

Movement-Based and Task-Based Mirror Therapies on Improving Upper Limb 

Functions in Patients With Stroke: A Pilot Randomized Controlled Trial. 

Frontiers in Neurology, 10, 288. https://doi.org/10.3389/fneur.2019.00288 

 

Bang, D.-H., Shin, W.-S., & Choi, H.-S. (2018). Effects of modified constraint-induced 

movement therapy with trunk restraint in early stroke patients: A single-blinded, 

randomized, controlled, pilot trial. NeuroRehabilitation, 42(1), 29–35. 

https://doi.org/10.3233/NRE-172176 

 

Batool, S., Soomro, N., Amjad, F., & Fauz, R. (2015). To compare the effectiveness of 

constraint induced movement therapy versus motor relearning programme to 

improve motor function of hemiplegic upper extremity after stroke. Pakistan 

Journal of Medical Sciences, 31(5), 1167–1171. 

https://doi.org/10.12669/pjms.315.7910 

 

Bernhardt, J., Churilov, L., Ellery, F., Collier, J., Chamberlain, J., Langhorne, P., 

Lindley, R. I., Moodie, M., Dewey, H., Thrift, A. G., & Donnan, G. (2016). 

Prespecified dose-response analysis for A Very Early Rehabilitation Trial 

(AVERT). Neurology, 86(23), 2138–2145. 

https://doi.org/10.1212/WNL.0000000000002459 

 



62 

Bernhardt, J., Godecke, E., Johnson, L., & Langhorne, P. (2017). Early rehabilitation 

after stroke. Current Opinion in Neurology, 30(1), 48–54. 

https://doi.org/10.1097/WCO.0000000000000404 

 

Besios, T., Nikolaos, A., Vassilios, G., & Giorgos, M. (2019). Effects of the 

Neurodevelopmental Treatment (NDT-Bobath) in the Mobility of Adults with 

Neurological Disorders. Open Journal of Therapy and Rehabilitation, 07(03), 

120. https://doi.org/10.4236/ojtr.2019.73008 

 

Bindawas, S. M., & Vennu, V. S. (2016). Stroke rehabilitation. Neurosciences, 21(4), 

297–305. https://doi.org/10.17712/nsj.2016.4.20160075 

 

Blackburn, M., van Vliet, P., & Mockett, S. P. (2002). Reliability of measurements 

obtained with the modified Ashworth scale in the lower extremities of people with 

stroke. Physical Therapy, 82(1), 25–34. https://doi.org/10.1093/ptj/82.1.25 

 

Boake, C., Noser, E. A., Ro, T., Baraniuk, S., Gaber, M., Johnson, R., Salmeron, E. T., 

Tran, T. M., Lai, J. M., Taub, E., Moye, L. A., Grotta, J. C., & Levin, H. S. 

(2007). Constraint-Induced Movement Therapy During Early Stroke 

Rehabilitation. Neurorehabilitation and Neural Repair, 21(1), 14–24. 

https://doi.org/10.1177/1545968306291858 

 

Bobath Approach. (n.d.). Physiopedia. Retrieved March 27, 2021, from 

https://www.physio-pedia.com/Bobath_Approach 

 

Boehme, A. K., Esenwa, C., & Elkind, M. S. V. (2017). Stroke Risk Factors, Genetics, 

and Prevention. Circulation Research, 120(3), 472–495. 

https://doi.org/10.1161/CIRCRESAHA.116.308398 

 

Brainin, M., & Heiss, W.-D. (Eds.). (2019). Textbook of stroke medicine (Third edition). 

Cambridge University Press. 

 

Bustamante Valles, K., Montes, S., Madrigal, M. de J., Burciaga, A., Martínez, M. E., & 

Johnson, M. J. (2016). Technology-assisted stroke rehabilitation in Mexico: A 

pilot randomized trial comparing traditional therapy to circuit training in a 

Robot/technology-assisted therapy gym. Journal of NeuroEngineering and 

Rehabilitation, 13(1), 83. https://doi.org/10.1186/s12984-016-0190-1 

 

Calabrò, R. S., Accorinti, M., Porcari, B., Carioti, L., Ciatto, L., Billeri, L., Andronaco, 

V. A., Galletti, F., Filoni, S., & Naro, A. (2019). Does hand robotic rehabilitation 

improve motor function by rebalancing interhemispheric connectivity after 

chronic stroke? Encouraging data from a randomised-clinical-trial. Clinical 

Neurophysiology, 130(5), 767–780. https://doi.org/10.1016/j.clinph.2019.02.013 

 



63 

Carey, L., Walsh, A., Adikari, A., Goodin, P., Alahakoon, D., De Silva, D., Ong, K.-L., 

Nilsson, M., & Boyd, L. (2019). Finding the Intersection of Neuroplasticity, 

Stroke Recovery, and Learning: Scope and Contributions to Stroke Rehabilitation. 

Neural Plasticity, 2019, e5232374. https://doi.org/10.1155/2019/5232374 

 

Chang, W. H., & Kim, Y.-H. (2013). Robot-assisted Therapy in Stroke Rehabilitation. 

Journal of Stroke, 15(3), 174–181. https://doi.org/10.5853/jos.2013.15.3.174 

 

Chaudhari, R. T., Devi, S., & Dumbre, D. (2019). Effectiveness of Mirror Therapy on 

Upper Extremity Functioning among Stroke Patients. Indian Journal of 

Physiotherapy and Occupational Therapy - An International Journal, 13(1), 128. 

https://doi.org/10.5958/0973-5674.2019.00026.1 

 

Chinembiri, B., Ming, Z., Kai, S., Xiu Fang, Z., & Wei, C. (2021). The fourier M2 

robotic machine combined with occupational therapy on post-stroke upper limb 

function and independence-related quality of life: A randomized clinical trial. 

Topics in Stroke Rehabilitation, 28(1), 1–18. 

https://doi.org/10.1080/10749357.2020.1755815 

 

Chinnavan, E., Priya, Y., Ragupathy, R., & Wah, Y. C. (2020). Effectiveness of Mirror 

Therapy on Upper Limb Motor Functions Among Hemiplegic Patients. 

Bangladesh Journal of Medical Science, 19(2), 208–213. 

https://doi.org/10.3329/bjms.v19i2.44997 

 

Chobanian, A. V., Bakris, G. L., Black, H. R., Cushman, W. C., Green, L. A., Izzo, J. L., 

Jones, D. W., Materson, B. J., Oparil, S., Wright, J. T., Roccella, E. J., National 

Heart, Lung, and Blood Institute Joint National Committee on Prevention, 

Detection, Evaluation, and Treatment of High Blood Pressure, & National High 

Blood Pressure Education Program Coordinating Committee. (2003). The Seventh 

Report of the Joint National Committee on Prevention, Detection, Evaluation, and 

Treatment of High Blood Pressure: The JNC 7 report. JAMA, 289(19), 2560–

2572. https://doi.org/10.1001/jama.289.19.2560 

 

Cohen, M. E., & Marino, R. J. (2000). The tools of disability outcomes research 

functional status measures. Archives of Physical Medicine and Rehabilitation, 

81(12 Suppl 2), S21-29. https://doi.org/10.1053/apmr.2000.20620 

 

Coleman, E. R., Moudgal, R., Lang, K., Hyacinth, H. I., Awosika, O. O., Kissela, B. M., 

& Feng, W. (2017). Early Rehabilitation After Stroke: A Narrative Review. 

Current Atherosclerosis Reports, 19(12), 59. https://doi.org/10.1007/s11883-017-

0686-6 

 

Collaborative systematic review of the randomised trials of organised inpatient (stroke 

unit) care after stroke. (1997). BMJ, 314(7088), 1151–1151. 

https://doi.org/10.1136/bmj.314.7088.1151 



64 

 

Corbetta, D., Sarasso, E., Agosta, F., Filippi, M., & Gatti, R. (2018). Mirror therapy for 

an adult with central post-stroke pain: A case report. Archives of Physiotherapy, 

8(1), 4. https://doi.org/10.1186/s40945-018-0047-y 

 

Cramer, S. C., Le, V., Saver, J. L., Dodakian, L., See, J., Augsburger, R., McKenzie, A., 

Zhou, R. J., Chiu, N. L., Heckhausen, J., Cassidy, J. M., Scacchi, W., Smith, M. 

T., Barrett, A. M., Knutson, J., Edwards, D., Putrino, D., Agrawal, K., Ngo, K., 

… Janis, S. (2021). Intense Arm Rehabilitation Therapy Improves the Modified 

Rankin Scale Score: Association Between Gains in Impairment and Function. 

Neurology, 96(14), e1812–e1822. 

https://doi.org/10.1212/WNL.0000000000011667 

 

Cramer, S. C., & Riley, J. D. (2008). Neuroplasticity and brain repair after stroke. 

Current Opinion in Neurology, 21(1), 76–82. 

https://doi.org/10.1097/WCO.0b013e3282f36cb6 

 

Cruz, V. T., Bento, V., Ruano, L., Ribeiro, D. D., Fontão, L., Mateus, C., Barreto, R., 

Colunas, M., Alves, A., Cruz, B., Branco, C., Rocha, N. P., & Coutinho, P. 

(2014). Motor task performance under vibratory feedback early poststroke: Single 

center, randomized, cross-over, controled clinical trial. Scientific Reports, 4(1), 

5670. https://doi.org/10.1038/srep05670 

 

de Sousa, D. G., Harvey, L. A., Dorsch, S., & Glinsky, J. V. (2018). Interventions 

involving repetitive practice improve strength after stroke: A systematic review. 

Journal of Physiotherapy, 64(4), 210–221. 

https://doi.org/10.1016/j.jphys.2018.08.004 

 

Deconinck, F. J. A., Smorenburg, A. R. P., Benham, A., Ledebt, A., Feltham, M. G., & 

Savelsbergh, G. J. P. (2015). Reflections on Mirror Therapy: A Systematic 

Review of the Effect of Mirror Visual Feedback on the Brain. Neurorehabilitation 

and Neural Repair, 29(4), 349–361. https://doi.org/10.1177/1545968314546134 

 

Dehem, S., Gilliaux, M., Stoquart, G., Detrembleur, C., Jacquemin, G., Palumbo, S., 

Frederick, A., & Lejeune, T. (2019). Effectiveness of upper-limb robotic-assisted 

therapy in the early rehabilitation phase after stroke: A single-blind, randomised, 

controlled trial. Annals of Physical and Rehabilitation Medicine, 62(5), 313–320. 

https://doi.org/10.1016/j.rehab.2019.04.002 

 

Dettmers, C., Teske, U., Hamzei, F., Uswatte, G., Taub, E., & Weiller, C. (2005). 

Distributed form of constraint-induced movement therapy improves functional 

outcome and quality of life after stroke. Archives of Physical Medicine and 

Rehabilitation, 86(2), 204–209. https://doi.org/10.1016/j.apmr.2004.05.007 

 



65 

Donkor, E. S. (2018). Stroke in the 21st Century: A Snapshot of the Burden, 

Epidemiology, and Quality of Life. Stroke Research and Treatment, 2018, 

e3238165. https://doi.org/10.1155/2018/3238165 

 

Donnan, G. A., Fisher, M., Macleod, M., & Davis, S. M. (2008). Stroke. The Lancet, 

371(9624), 1612–1623. https://doi.org/10.1016/S0140-6736(08)60694-7 

 

Duret, C., Grosmaire, A.-G., & Krebs, H. I. (2019). Robot-Assisted Therapy in Upper 

Extremity Hemiparesis: Overview of an Evidence-Based Approach. Frontiers in 

Neurology, 10. https://doi.org/10.3389/fneur.2019.00412 

 

Elkins Jacob S. & Johnston S. Claiborne. (2003). Thirty-Year Projections for Deaths 

From Ischemic Stroke in the United States. Stroke, 34(9), 2109–2112. 

https://doi.org/10.1161/01.STR.0000085829.60324.DE 

 

Engelhardt, E. (2017). Apoplexy, cerebrovascular disease, and stroke: Historical 

evolution of terms and definitions. Dementia & Neuropsychologia, 11(4), 449–

453. https://doi.org/10.1590/1980-57642016dn11-040016 

 

Fasoli, S. E., Krebs, H. I., & Hogan, N. (2004). Robotic Technology and Stroke 

Rehabilitation: Translating Research into Practice. Topics in Stroke 

Rehabilitation, 11(4), 11–19. https://doi.org/10.1310/G8XB-VM23-1TK7-PWQU 

 

Feng, W., Hendry, R. M., & Adams, R. J. (2010). Risk of recurrent stroke, myocardial 

infarction, or death in hospitalized stroke patients. Neurology, 74(7), 588–593. 

https://doi.org/10.1212/WNL.0b013e3181cff776 

 

Forrester, L. W., Roy, A., Krywonis, A., Kehs, G., Krebs, H. I., & Macko, R. F. (2014). 

Modular Ankle Robotics Training in Early Sub-Acute Stroke: A Randomized 

Controlled Pilot Study. Neurorehabilitation and Neural Repair, 28(7), 678–687. 

https://doi.org/10.1177/1545968314521004 

 

Franceschini, M., Mazzoleni, S., Goffredo, M., Pournajaf, S., Galafate, D., Criscuolo, S., 

Agosti, M., & Posteraro, F. (2020). Upper limb robot-assisted rehabilitation 

versus physical therapy on subacute stroke patients: A follow-up study. Journal of 

Bodywork and Movement Therapies, 24(1), 194–198. 

https://doi.org/10.1016/j.jbmt.2019.03.016 

 

French, B., Thomas, L. H., Coupe, J., McMahon, N. E., Connell, L., Harrison, J., Sutton, 

C. J., Tishkovskaya, S., & Watkins, C. L. (2016). Repetitive task training for 

improving functional ability after stroke. The Cochrane Database of Systematic 

Reviews, 11, CD006073. https://doi.org/10.1002/14651858.CD006073.pub3 

 



66 

Gandhi, D. B., Sterba, A., Khatter, H., & Pandian, J. D. (2020). Mirror Therapy in Stroke 

Rehabilitation: Current Perspectives. Therapeutics and Clinical Risk 

Management, Volume 16, 75–85. https://doi.org/10.2147/TCRM.S206883 

 

Garcia, J. H. (1975). The neuropathology of stroke. Human Pathology, 6(5), 583–598. 

https://doi.org/10.1016/s0046-8177(75)80043-8 

 

Grimm, F., Naros, G., & Gharabaghi, A. (2016). Closed-Loop Task Difficulty Adaptation 

during Virtual Reality Reach-to-Grasp Training Assisted with an Exoskeleton for 

Stroke Rehabilitation. Frontiers in Neuroscience, 10. 

https://doi.org/10.3389/fnins.2016.00518 

 

Hatem, S. M., Saussez, G., della Faille, M., Prist, V., Zhang, X., Dispa, D., & 

Bleyenheuft, Y. (2016). Rehabilitation of Motor Function after Stroke: A Multiple 

Systematic Review Focused on Techniques to Stimulate Upper Extremity 

Recovery. Frontiers in Human Neuroscience, 10. 

https://doi.org/10.3389/fnhum.2016.00442 

 

Heald, A., Bates, D., Cartlidge, N. E. F., French, J. M., & Miller, S. (1993). Longitudinal 

study of central motor conduction time following stroke: 1. Natural history of 

central motor conduction. Brain, 116(6), 1355–1370. 

https://doi.org/10.1093/brain/116.6.1355 

 

Hidler, J., Nichols, D., Pelliccio, M., & Brady, K. (2005). Advances in the Understanding 

and Treatment of Stroke Impairment Using Robotic Devices. Topics in Stroke 

Rehabilitation, 12(2), 22–35. https://doi.org/10.1310/RYT5-62N4-CTVX-8JTE 

 

Hsueh, I.-P., & Hsieh, C.-L. (2002). Responsiveness of two upper extremity function 

instruments for stroke inpatients receiving rehabilitation. Clinical Rehabilitation, 

16(6), 617–624. https://doi.org/10.1191/0269215502cr530oa 

 

Huang, L.-L., Lee, C.-F., Hsieh, C.-L., & Chen, M.-H. (2013). Upper Extremity 

Rehabilitation Equipment for Stroke Patients in Taiwan: Usage Problems and 

Improvement Needs: Usage Problems and Improvement Needs. Occupational 

Therapy International, 20(4), 205–214. https://doi.org/10.1002/oti.1360 

 

Huang, Y., Nam, C., Li, W., Rong, W., Xie, Y., Liu, Y., Qian, Q., & Hu, X. (2020). A 

comparison of the rehabilitation effectiveness of neuromuscular electrical 

stimulation robotic hand training and pure robotic hand training after stroke: A 

randomized controlled trial. Biomedical Signal Processing and Control, 56, 

101723. https://doi.org/10.1016/j.bspc.2019.101723 

 

Human Phenotype Ontology. (n.d.). Retrieved April 7, 2021, from 

https://hpo.jax.org/app/browse/term/HP:0004374 

 



67 

Intercollegiate Working Party for Stroke & Royal College of Physicians of London. 

(2012). National clinical guideline for stroke. Royal College of Physicians of 

London. 

 

International Classification of Functioning, Disability and Health (ICF). (n.d.). Retrieved 

March 24, 2021, from https://www.who.int/standards/classifications/international-

classification-of-functioning-disability-and-health 

 

Ju, Y., & Yoon, I.-J. (2018). The effects of modified constraint-induced movement 

therapy and mirror therapy on upper extremity function and its influence on 

activities of daily living. Journal of Physical Therapy Science, 30(1), 77–81. 

https://doi.org/10.1589/jpts.30.77 

 

Kanematsu, R., Hanakita, J., Takahashi, T., Park, S., & Minami, M. (2018). Radiologic 

Features and Clinical Course of Chronic Spinal Epidural Hematoma: Report of 4 

Cases and Literature Review. World Neurosurgery, 120, 82–89. 

https://doi.org/10.1016/j.wneu.2018.08.058 

 

Karatas, M., Çetin, N., Bayramoglu, M., & Dilek, A. (2004). Trunk Muscle Strength in 

Relation to Balance and Functional Disability in Unihemispheric Stroke Patients. 

American Journal of Physical Medicine & Rehabilitation, 83(2), 81–87. 

https://doi.org/10.1097/01.PHM.0000107486.99756.C7 

 

Keeling, A. B., Piitz, M., Semrau, J. A., Hill, M. D., Scott, S. H., & Dukelow, S. P. 

(2021). Robot enhanced stroke therapy optimizes rehabilitation (RESTORE): A 

pilot study. Journal of NeuroEngineering and Rehabilitation, 18(1), 10. 

https://doi.org/10.1186/s12984-021-00804-8 

 

Kinarm Exoskeleton Lab. (n.d.). Retrieved March 28, 2021, from 

https://kinarm.com/kinarm-products/kinarm-exoskeleton-lab/ 

 

Kleim, J. A., Barbay, S., & Nudo, R. J. (1998). Functional Reorganization of the Rat 

Motor Cortex Following Motor Skill Learning. Journal of Neurophysiology, 

80(6), 3321–3325. https://doi.org/10.1152/jn.1998.80.6.3321 

 

Kleim, J. A., & Jones, T. A. (2008). Principles of experience-dependent neural plasticity: 

Implications for rehabilitation after brain damage. Journal of Speech, Language, 

and Hearing Research: JSLHR, 51(1), S225-239. https://doi.org/10.1044/1092-

4388(2008/018) 

 

Knutson, J. S., Fu, M. J., Sheffler, L. R., & Chae, J. (2015). Neuromuscular Electrical 

Stimulation for Motor Restoration in Hemiplegia. Physical Medicine and 

Rehabilitation Clinics of North America, 26(4), 729–745. 

https://doi.org/10.1016/j.pmr.2015.06.002 

 



68 

Kollen, B. J., Lennon, S., Lyons, B., Wheatley-Smith, L., Scheper, M., Buurke, J. H., 

Halfens, J., Geurts, A. C. H., & Kwakkel, G. (2009). The effectiveness of the 

Bobath concept in stroke rehabilitation: What is the evidence? Stroke, 40(4), e89-

97. https://doi.org/10.1161/STROKEAHA.108.533828 

 

Krakauer, J. W. (2006). Motor learning: Its relevance to stroke recovery and 

neurorehabilitation. Current Opinion in Neurology, 19(1), 84–90. 

https://doi.org/10.1097/01.wco.0000200544.29915.cc 

 

Krakauer, J. W., Carmichael, S. T., Corbett, D., & Wittenberg, G. F. (2012). Getting 

Neurorehabilitation Right – What Can We Learn From Animal Models? 

Neurorehabilitation and Neural Repair, 26(8), 923–931. 

https://doi.org/10.1177/1545968312440745 

 

Kuznetsov, A. N., Rybalko, N. V., Daminov, V. D., & Luft, A. R. (2013). Early 

Poststroke Rehabilitation Using a Robotic Tilt-Table Stepper and Functional 

Electrical Stimulation. Stroke Research and Treatment, 2013. 

https://doi.org/10.1155/2013/946056 

 

Kwakkel, G., Kollen, B., & Lindeman, E. (2004). Understanding the pattern of functional 

recovery after stroke: Facts and theories. Restorative Neurology and 

Neuroscience, 22(3–5), 281–299. 

 

Kwakkel, G., Veerbeek, J. M., Wegen, E. E. H. van, & Wolf, S. L. (2015). Constraint-

induced movement therapy after stroke. The Lancet Neurology, 14(2), 224–234. 

https://doi.org/10.1016/S1474-4422(14)70160-7 

 

Lang, C. E., Lohse, K. R., & Birkenmeier, R. L. (2015). Dose and timing in 

neurorehabilitation: Prescribing motor therapy after stroke. Current Opinion in 

Neurology, 28(6), 549–555. https://doi.org/10.1097/WCO.0000000000000256 

 

Lang, C. E., MacDonald, J. R., & Gnip, C. (2007). Counting repetitions: An 

observational study of outpatient therapy for people with hemiparesis post-stroke. 

Journal of Neurologic Physical Therapy: JNPT, 31(1), 3–10. 

https://doi.org/10.1097/01.npt.0000260568.31746.34 

 

Lang, C. E., MacDonald, J. R., Reisman, D. S., Boyd, L., Kimberley, T. J., Schindler-

Ivens, S. M., Hornby, T. G., Ross, S. A., & Scheets, P. L. (2009). Observation of 

amounts of movement practice provided during stroke rehabilitation. Archives of 

Physical Medicine and Rehabilitation, 90(10), 1692–1698. 

https://doi.org/10.1016/j.apmr.2009.04.005 

 

Langhorne, P., Bernhardt, J., & Kwakkel, G. (2011). Stroke rehabilitation. The Lancet, 

377(9778), 1693–1702. https://doi.org/10.1016/S0140-6736(11)60325-5 

 



69 

 

Langhorne, P., Coupar, F., & Pollock, A. (2009). Motor recovery after stroke: A 

systematic review. The Lancet Neurology, 8(8), 741–754. 

https://doi.org/10.1016/S1474-4422(09)70150-4 

 

Lee, M. M., Cho, H., & Song, C. H. (2012). The Mirror Therapy Program Enhances 

Upper-Limb Motor Recovery and Motor Function in Acute Stroke Patients. 

American Journal of Physical Medicine & Rehabilitation, 91(8), 689–700. 

https://doi.org/10.1097/PHM.0b013e31824fa86d 

 

Lee, S. H., Park, G., Cho, D. Y., Kim, H. Y., Lee, J.-Y., Kim, S., Park, S.-B., & Shin, J.-

H. (2020). Comparisons between end-effector and exoskeleton rehabilitation 

robots regarding upper extremity function among chronic stroke patients with 

moderate-to-severe upper limb impairment. Scientific Reports, 10(1), 1806. 

https://doi.org/10.1038/s41598-020-58630-2 

 

Lo, A. C., Guarino, P. D., Richards, L. G., Haselkorn, J. K., Wittenberg, G. F., Federman, 

D. G., Ringer, R. J., Wagner, T. H., Krebs, H. I., Volpe, B. T., Bever, C. T., 

Bravata, D. M., Duncan, P. W., Corn, B. H., Maffucci, A. D., Nadeau, S. E., 

Conroy, S. S., Powell, J. M., Huang, G. D., & Peduzzi, P. (2010). Robot-assisted 

therapy for long-term upper-limb impairment after stroke. The New England 

Journal of Medicine, 362(19), 1772–1783. 

https://doi.org/10.1056/NEJMoa0911341 

 

Madhoun, H. Y., Tan, B., Feng, Y., Zhou, Y., Zhou, C., & Yu, L. (2020). Task-based 

mirror therapy enhances the upper limb motor function in subacute stroke 

patients: A randomized control trial. European Journal of Physical and 

Rehabilitation Medicine, 56(3), 265–271. https://doi.org/10.23736/S1973-

9087.20.06070-0 

 

Maier, M., Ballester, B. R., & Verschure, P. F. M. J. (2019). Principles of 

Neurorehabilitation After Stroke Based on Motor Learning and Brain Plasticity 

Mechanisms. Frontiers in Systems Neuroscience, 13. 

https://doi.org/10.3389/fnsys.2019.00074 

 

Malouin, F., Pichard, L., Bonneau, C., Durand, A., & Corriveau, D. (1994). Evaluating 

motor recovery early after stroke: Comparison of the Fugl-Meyer Assessment and 

the Motor Assessment Scale. Archives of Physical Medicine and Rehabilitation, 

75(11), 1206–1212. https://doi.org/10.1016/0003-9993(94)90006-x 

 

Marcus Saikaley, Griffin Pauli, Jerome Iruthayarajah, Magdalena Mirkowski, Alice 

Iliescu, Sarah Caughlin, Niko Fragis, Roha Alam, Joceyln Harris, Sean Dukelow, 

John Chae, Jayme Knutson, Tom Miller, & Robert Teasell. (2018). Upper 

Extremity Interventions. In EBRSR [Evidence-Based Review of Stroke 

Rehabilitation]. http://www.ebrsr.com/clinician-handbook 



70 

 

Massie, C. L., Du, Y., Conroy, S. S., Krebs, H. I., Wittenberg, G. F., Bever, C. T., & 

Whitall, J. (2016). A Clinically Relevant Method of Analyzing Continuous 

Change in Robotic Upper Extremity Chronic Stroke Rehabilitation. 

Neurorehabilitation and Neural Repair, 30(8), 703–712. 

https://doi.org/10.1177/1545968315620301 

 

Michielsen, M., Vaughan-Graham, J., Holland, A., Magri, A., & Suzuki, M. (2019). The 

Bobath concept—A model to illustrate clinical practice. Disability and 

Rehabilitation, 41(17), 2080–2092. 

https://doi.org/10.1080/09638288.2017.1417496 

 

Mozaffarian Dariush, Benjamin Emelia J., Go Alan S., Arnett Donna K., Blaha Michael 

J., Cushman Mary, Das Sandeep R., de Ferranti Sarah, Després Jean-Pierre, 

Fullerton Heather J., Howard Virginia J., Huffman Mark D., Isasi Carmen R., 

Jiménez Monik C., Judd Suzanne E., Kissela Brett M., Lichtman Judith H., 

Lisabeth Lynda D., Liu Simin, … Turner Melanie B. (2016). Executive Summary: 

Heart Disease and Stroke Statistics—2016 Update. Circulation, 133(4), 447–454. 

https://doi.org/10.1161/CIR.0000000000000366 

 

Murphy, T. H., & Corbett, D. (2009). Plasticity during stroke recovery: From synapse to 

behaviour. Nature Reviews. Neuroscience, 10(12), 861–872. 

https://doi.org/10.1038/nrn2735 

 

Nancy E. Mayo, Sharon Wood-Dauphinee, Sara Ahmed, Gordon, C., Johanne Higgins, 

Sara Mcewen, & Salbach, N. (1999). Disablement following stroke. Disability 

and Rehabilitation, 21(5–6), 258–268. https://doi.org/10.1080/096382899297684 

 

Nudo, R. J., Milliken, G. W., Jenkins, W. M., & Merzenich, M. M. (1996). Use-

dependent alterations of movement representations in primary motor cortex of 

adult squirrel monkeys. The Journal of Neuroscience: The Official Journal of the 

Society for Neuroscience, 16(2), 785–807. 

 

Nudo, Randolph J., Wise, B. M., SiFuentes, F., & Milliken, G. W. (1996). Neural 

Substrates for the Effects of Rehabilitative Training on Motor Recovery After 

Ischemic Infarct. Science, 272(5269), 1791–1794. 

https://doi.org/10.1126/science.272.5269.1791 

 

Orihuela-Espina, F., Roldán, G. F., Sánchez-Villavicencio, I., Palafox, L., Leder, R., 

Sucar, L. E., & Hernández-Franco, J. (2016). Robot training for hand motor 

recovery in subacute stroke patients: A randomized controlled trial. Journal of 

Hand Therapy, 29(1), 51–57. https://doi.org/10.1016/j.jht.2015.11.006 

 

Page, S. J., Schmid, A., & Harris, J. E. (2012). Optimizing Terminology for Stroke Motor 

Rehabilitation: Recommendations From the American Congress of Rehabilitation 



71 

Medicine Stroke Movement Interventions Subcommittee. Archives of Physical 

Medicine and Rehabilitation, 93(8), 1395–1399. 

https://doi.org/10.1016/j.apmr.2012.03.005 

 

Pan, L., Song, A., Wang, S., & Duan, S. (2019). Experimental Study on Upper-Limb 

Rehabilitation Training of Stroke Patients Based on Adaptive Task Level: A 

Preliminary Study. BioMed Research International, 2019, e2742595. 

https://doi.org/10.1155/2019/2742595 

 

Pekna, M., Pekny, M., & Nilsson, M. (2012). Modulation of Neural Plasticity as a Basis 

for Stroke Rehabilitation. Stroke, 43(10), 2819–2828. 

https://doi.org/10.1161/STROKEAHA.112.654228 

 

Perceived Exertion (Borg Rating of Perceived Exertion Scale) | Physical Activity | CDC. 

(2020, September 17). 

https://www.cdc.gov/physicalactivity/basics/measuring/exertion.htm 

 

Plautz, E. J., Milliken, G. W., & Nudo, R. J. (2000). Effects of Repetitive Motor Training 

on Movement Representations in Adult Squirrel Monkeys: Role of Use versus 

Learning. Neurobiology of Learning and Memory, 74(1), 27–55. 

https://doi.org/10.1006/nlme.1999.3934 

 

Pollock, A., Farmer, S. E., Brady, M. C., Langhorne, P., Mead, G. E., Mehrholz, J., & 

van Wijck, F. (2013). Interventions for improving upper limb function after 

stroke. In The Cochrane Collaboration (Ed.), Cochrane Database of Systematic 

Reviews (p. CD010820). John Wiley & Sons, Ltd. 

https://doi.org/10.1002/14651858.CD010820 

 

Poole, J. L., & Whitney, S. L. (1988). Motor assessment scale for stroke patients: 

Concurrent validity and interrater reliability. Archives of Physical Medicine and 

Rehabilitation, 69(3 Pt 1), 195–197. 

 

Raffin, E., & Hummel, F. C. (2018). Restoring Motor Functions After Stroke: Multiple 

Approaches and Opportunities. The Neuroscientist, 24(4), 400–416. 

https://doi.org/10.1177/1073858417737486 

 

Recovering From Stroke | cdc.gov. (2020, January 31). 

https://www.cdc.gov/stroke/recovery.htm 

 

Rehab Therapy After a Stroke. (n.d.). Www.Stroke.Org. Retrieved April 10, 2021, from 

https://www.stroke.org/en/life-after-stroke/stroke-rehab/rehab-therapy-after-a-

stroke 

Rehabilitation After Stroke. (n.d.). National Institute on Aging. Retrieved April 4, 2021, 

from http://www.nia.nih.gov/health/rehabilitation-after-stroke 

 



72 

 

Rodgers, H., Bosomworth, H., Krebs, H. I., van Wijck, F., Howel, D., Wilson, N., Aird, 

L., Alvarado, N., Andole, S., Cohen, D. L., Dawson, J., Fernandez-Garcia, C., 

Finch, T., Ford, G. A., Francis, R., Hogg, S., Hughes, N., Price, C. I., Ternent, L., 

… Shaw, L. (2019). Robot assisted training for the upper limb after stroke 

(RATULS): A multicentre randomised controlled trial. The Lancet, 394(10192), 

51–62. https://doi.org/10.1016/S0140-6736(19)31055-4 

 

Roger, V. L., Go, A. S., Lloyd-Jones, D. M., Adams, R. J., Berry, J. D., Brown, T. M., 

Carnethon, M. R., Dai, S., de Simone, G., Ford, E. S., Fox, C. S., Fullerton, H. J., 

Gillespie, C., Greenlund, K. J., Hailpern, S. M., Heit, J. A., Ho, P. M., Howard, V. 

J., Kissela, B. M., … American Heart Association Statistics Committee and 

Stroke Statistics Subcommittee. (2011). Heart disease and stroke statistics--2011 

update: A report from the American Heart Association. Circulation, 123(4), e18–

e209. https://doi.org/10.1161/CIR.0b013e3182009701 

 

Sahin, N., Ugurlu, H., & Albayrak, I. (2012). The efficacy of electrical stimulation in 

reducing the post-stroke spasticity: A randomized controlled study. Disability and 

Rehabilitation, 34(2), 151–156. https://doi.org/10.3109/09638288.2011.593679 

 

Sale, P., Franceschini, M., Mazzoleni, S., Palma, E., Agosti, M., & Posteraro, F. (2014). 

Effects of upper limb robot-assisted therapy on motor recovery in subacute stroke 

patients. Journal of NeuroEngineering and Rehabilitation, 11(1), 104. 

https://doi.org/10.1186/1743-0003-11-104 

 

Sivan, M., O’Connor, R. J., Makower, S., Levesley, M., & Bhakta, B. (2011). Systematic 

review of outcome measures used in the evaluation of robot-assisted upper limb 

exercise in stroke. Journal of Rehabilitation Medicine, 43(3), 181–189. 

https://doi.org/10.2340/16501977-0674 

 

Stinear, C. M., Byblow, W. D., Ackerley, S. J., Smith, M., Borges, V. M., & Barber, P. 

A. (2017). PREP2: A biomarker‐based algorithm for predicting upper limb 

function after stroke. Annals of Clinical and Translational Neurology, 4(11), 811–

820. https://doi.org/10.1002/acn3.488 

 

Stinear, C. M., Lang, C. E., Zeiler, S., & Byblow, W. D. (2020). Advances and 

challenges in stroke rehabilitation. The Lancet Neurology, 19(4), 348–360. 

https://doi.org/10.1016/S1474-4422(19)30415-6 

 

Straudi, S., Baroni, A., Mele, S., Craighero, L., Manfredini, F., Lamberti, N., Maietti, E., 

& Basaglia, N. (2020). Effects of a Robot-Assisted Arm Training Plus Hand 

Functional Electrical Stimulation on Recovery After Stroke: A Randomized 

Clinical Trial. Archives of Physical Medicine and Rehabilitation, 101(2), 309–

316. https://doi.org/10.1016/j.apmr.2019.09.016 

 



73 

Stroke | NHLBI, NIH. (n.d.). Retrieved March 27, 2021, from 

https://www.nhlbi.nih.gov/health-topics/stroke 

 

Stroke Unit Trialists’ Collaboratio. (2001). Organised inpatient (stroke unit) care for 

stroke. In The Cochrane Collaboration (Ed.), The Cochrane Database of 

Systematic Reviews (p. CD000197). John Wiley & Sons, Ltd. 

https://doi.org/10.1002/14651858.CD000197 

 

Sundseth, A., Thommessen, B., & Rønning, O. M. (2012). Outcome after mobilization 

within 24 hours of acute stroke: A randomized controlled trial. Stroke, 43(9), 

2389–2394. https://doi.org/10.1161/STROKEAHA.111.646687 

 

Takahashi, C. D., Der-Yeghiaian, L., Le, V. H., & Cramer, S. C. (2005). A robotic device 

for hand motor therapy after stroke. 9th International Conference on 

Rehabilitation Robotics, 2005. ICORR 2005., 17–20. 

https://doi.org/10.1109/ICORR.2005.1501041 

 

Takahashi Kayoko, Domen Kazuhisa, Sakamoto Tomosaburo, Toshima Masahiko, Otaka 

Yohei, Seto Makiko, Irie Katsumi, Haga Bin, Takebayashi Takashi, & Hachisuka 

Kenji. (2016). Efficacy of Upper Extremity Robotic Therapy in Subacute 

Poststroke Hemiplegia. Stroke, 47(5), 1385–1388. 

https://doi.org/10.1161/STROKEAHA.115.012520 

 

Takeda, K., Tanino, G., & Miyasaka, H. (2017). Review of devices used in 

neuromuscular electrical stimulation for stroke rehabilitation. Medical Devices 

(Auckland, N.Z.), 10, 207–213. https://doi.org/10.2147/MDER.S123464 

 

Tashiro, S., Mizuno, K., Kawakami, M., Takahashi, O., Nakamura, T., Suda, M., 

Haruyama, K., Otaka, Y., Tsuji, T., & Liu, M. (2019). Neuromuscular electrical 

stimulation-enhanced rehabilitation is associated with not only motor but also 

somatosensory cortical plasticity in chronic stroke patients: An interventional 

study. Therapeutic Advances in Chronic Disease, 10, 2040622319889259. 

https://doi.org/10.1177/2040622319889259 

 

Taveggia, G., Borboni, A., Salvi, L., Mulé, C., Fogliaresi, S., Villafañe, J. H., & Casale, 

R. (2016). Efficacy of robot-assisted rehabilitation for the functional recovery of 

the upper limb in post-stroke patients: A randomized controlled study. European 

Journal of Physical and Rehabilitation Medicine, 52(6), 767–773. 

 

Teasell, R., Foley, N., Salter, K., Bhogal, S., Jutai, J., & Speechley, M. (2009). Evidence-

Based Review of Stroke Rehabilitation: Executive Summary, 12th Edition. Topics 

in Stroke Rehabilitation, 16(6), 463–488. https://doi.org/10.1310/tsr1606-463 

 

Teasell, R., Magdalena Mirkowski MSc, Norhayati Hussein MD, Danielle Vanderlaan, 

Marcus Saikaley, Mitchell Longval, & Jerome Iruthayarajah. (n.d.). Hemiplegic 



74 

Upper Extremity Rehabilitation. In Stroke Rehabilitation Clinician Handbook 

(16th edition). Retrieved April 10, 2021, from http://www.ebrsr.com/clinician-

handbook 

 

Uswatte, G., Taub, E., Bowman, M. H., Delgado, A., Bryson, C., Morris, D. M., Mckay, 

S., Barman, J., & Mark, V. W. (2018). Rehabilitation of stroke patients with 

plegic hands: Randomized controlled trial of expanded Constraint-Induced 

Movement therapy. Restorative Neurology and Neuroscience, 36(2), 225–244. 

https://doi.org/10.3233/RNN-170792 

 

van der Lee, J. H., Beckerman, H., Lankhorst, G. J., & Bouter, L. M. (2001). The 

responsiveness of the Action Research Arm test and the Fugl-Meyer Assessment 

scale in chronic stroke patients. Journal of Rehabilitation Medicine, 33(3), 110–

113. https://doi.org/10.1080/165019701750165916 

 

van der Lee, Johanna H., Roorda, L. D., Beckerman, H., Lankhorst, G. J., & Bouter, L. 

M. (2002). Improving the Action Research Arm test: A unidimensional 

hierarchical scale. Clinical Rehabilitation, 16(6), 646–653. 

https://doi.org/10.1191/0269215502cr534oa 

 

Veerbeek, J. M., van Wegen, E., van Peppen, R., van der Wees, P. J., Hendriks, E., 

Rietberg, M., & Kwakkel, G. (2014). What is the evidence for physical therapy 

poststroke? A systematic review and meta-analysis. PloS One, 9(2), e87987. 

https://doi.org/10.1371/journal.pone.0087987 

 

Verheyden, G., Nieuwboer, A., Wit, L. D., Feys, H., Schuback, B., Baert, I., Jenni, W., 

Schupp, W., Thijs, V., & Weerdt, W. D. (2007). Trunk performance after stroke: 

An eye catching predictor of functional outcome. Journal of Neurology, 

Neurosurgery & Psychiatry, 78(7), 694–698. 

https://doi.org/10.1136/jnnp.2006.101642 

 

Verheyden, G., van Duijnhoven, H. J. R., Burnett, M., Littlewood, J., Kunkel, D., & 

Ashburn, A. M. (2011). Kinematic Analysis of Head, Trunk, and Pelvis 

Movement When People Early After Stroke Reach Sideways. Neurorehabilitation 

and Neural Repair, 25(7), 656–663. https://doi.org/10.1177/1545968311401628 

 

Ward, N. (2011). Assessment of cortical reorganisation for hand function after stroke. 

The Journal of Physiology, 589(23), 5625–5632. 

https://doi.org/10.1113/jphysiol.2011.220939 

 

Winstein Carolee, Kim Bokkyu, Kim Sujin, Martinez Clarisa, & Schweighofer Nicolas. 

(2019). Dosage Matters. Stroke, 50(7), 1831–1837. 

https://doi.org/10.1161/STROKEAHA.118.023603 

 



75 

Wolf, S. L., Winstein, C. J., Miller, J. P., Taub, E., Uswatte, G., Morris, D., Giuliani, C., 

Light, K. E., Nichols-Larsen, D., & EXCITE Investigators,  for the. (2006). Effect 

of Constraint-Induced Movement Therapy on Upper Extremity Function 3 to 9 

Months After Stroke: The EXCITE Randomized Clinical Trial. JAMA, 296(17), 

2095. https://doi.org/10.1001/jama.296.17.2095 

 

Yıldırım, M. S., Ozyurek, S., Tosun, O., Uzer, S., & Gelecek, N. (2016). Comparison of 

effects of static, proprioceptive neuromuscular facilitation and Mulligan 

stretching on hip flexion range of motion: A randomized controlled trial. Biology 

of Sport, 33(1), 89–94. https://doi.org/10.5604/20831862.1194126 

 


