
 
 



 
 

 

 
Université de Sherbrooke 

 
 
 

 
 
Effect of Haptic Guidance and Error Amplification Robotic Training Interventions on 

the Immediate Improvement of Timing among Individuals that had a Stroke 
 

 
 
 

By Amy E. Bouchard, B.Sc. 
Research in Health Sciences Program 

 
 
 

 
 

This Thesis is presented to the Faculty of Medicine and Health Sciences to obtain the 
Master of Science degree (M.Sc.) for the Research in Health Sciences Program 

 
 

 
 
 

Sherbrooke, Québec, Canada 
August 2016 

 
 
 

Jury members for the Thesis evaluation 
 

Prof. Marie-Hélène Milot, P.T., Ph.D., Research Director, Research in Health Sciences 
Program, 

Prof. Hélène Corriveau, P.T., Ph.D., Co-research Director, Research in Health Sciences 
Program, 

Prof. Johanne Desrosiers, O.T., Ph.D., Internal Member, Research in Health Sciences 
Program  

Prof. Philippe Archambault, O.T., Ph.D., External Member, School of Occupational and 
Physical Therapy, McGill University 

 
 
 
 

© Amy E. Bouchard, 2016



 
 

 

Summary 
 

Effect of Haptic Guidance and Error Amplification Robotic Training Interventions on 
the Immediate Improvement of Timing among Individuals that had a Stroke 

 
By: Amy E. Bouchard 

Research in Health Sciences Program 
 

Thesis presented to the Faculty of Medicine and Health Sciences in order to obtain the 
Master in Science Diploma (M.Sc.) in Research in Health Sciences, Faculty of Medicine 

and Health Sciences, Université de Sherbrooke, Québec, Canada, J1H 5N4 
 
Many individuals that had a stroke have motor impairments such as timing deficits 

that hinder their ability to complete daily activities like getting dressed. Robotic 
rehabilitation is an increasingly popular therapeutic avenue in order to improve motor 
recovery among this population. Yet, most studies have focused on improving the spatial 
aspect of movement (e.g. reaching), and not the temporal one (e.g. timing). Hence, the main 
aim of this study was to compare two types of robotic rehabilitation on the immediate 
improvement of timing accuracy: haptic guidance (HG), which consists of guiding the 
person to make the correct movement, and thus decreasing his or her movement errors, and 
error amplification (EA), which consists of increasing the person’s movement errors. The 
secondary objective consisted of exploring whether the side of the stroke lesion had an 
effect on timing accuracy following HG and EA training. Thirty-four persons that had a 
stroke (average age 67 ± 7 years) participated in a single training session of a timing-based 
task (simulated pinball-like task), where they had to activate a robot at the correct moment 
to successfully hit targets that were presented a random on a computer screen. Participants 
were randomly divided into two groups, receiving either HG or EA. During the same 
session, a baseline phase and a retention phase were given before and after each training, 
and these phases were compared in order to evaluate and compare the immediate impact of 
HG and EA on movement timing accuracy. The results showed that HG helped improve the 
immediate timing accuracy (p=0.03), but not EA (p=0.45). After comparing both trainings, 
HG was revealed to be superior to EA at improving timing (p=0.04). Furthermore, a 
significant correlation was found between the side of stroke lesion and the change in timing 
accuracy following EA (rpb=0.7, p=0.001), but not HG (rpb=0.18, p=0.24). In other words, a 
deterioration in timing accuracy was found for participants with a lesion in the left 
hemisphere that had trained with EA. On the other hand, for the participants having a right-
sided stroke lesion, an improvement in timing accuracy was noted following EA. In sum, it 
seems that HG helps improve the immediate timing accuracy for individuals that had a 
stroke. Still, the side of the stroke lesion seems to play a part in the participants’ response to 
training. This remains to be further explored, in addition to the impact of providing more 
training sessions in order to assess any long-term benefits of HG or EA. 
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Résumé 
 

Effet de l’entrainement robotisé par réduction de l’erreur et augmentation de l’erreur 
sur le timing du mouvement chez la personne ayant eu un accident vasculaire cérébral 

 
Par : Amy E. Bouchard 

Programme Recherche en sciences de la santé 
 

Mémoire présenté à la Faculté de médecine et des sciences de la santé en vue de l’obtention 
du diplôme de maitre ès sciences (M.Sc.) Recherche en sciences de la santé, Université de 

Sherbrooke, Sherbrooke, Québec, Canada, J1H 5N4 
 

À la suite  d’un accident vasculaire cérébral (AVC),  plusieurs atteintes, comme un 
déficit de timing, sont notées, et ce, même à la phase chronique d’un AVC, ce qui nuit à 
l’accomplissement de tâches quotidiennes comme se vêtir. L’entrainement robotisé est un 
entrainement qui est de plus en plus préconisé dans le but d’améliorer la récupération 
motrice à la suite d’un AVC. Par contre, la plupart des études ont étudié les effets de 
l’entrainement robotisé sur l’amélioration de  l’aspect spatial du mouvement (ex : la 
direction du mouvement), et non l’aspect temporel (ex : timing). L’objectif principal de ce 
projet était donc d’évaluer et de  comparer l’impact de deux entrainements robotisés sur 
l’amélioration immédiate du timing soit : la réduction de l’erreur (RE), qui consiste à 
guider la personne à faire le mouvement désiré, et l’augmentation de l’erreur (AE), qui nuit 
au mouvement de la personne. L’objectif secondaire consistait à explorer s’il y avait une 
relation entre le côté de la lésion cérébrale et le changement dans les erreurs de timing 
suivant l’entrainement par RE et AE. Trente-quatre personnes atteintes d’un AVC au stade 
chronique (âge moyen de 67 ± 7 années) ont participé à cette étude, où ils devaient jouer à 
un jeu simulé de machine à boules. Les participants devaient activer une main robotisée au 
bon moment pour atteindre des cibles présentées aléatoirement sur un écran d’ordinateur. 
Les participants recevaient soit RE ou AE. Une ligne de base et une phase de rétention 
étaient données avant et après chaque entrainement, et elles étaient utilisées pour évaluer et 
comparer l’effet immédiat de RE et AE sur le timing. Les résultats ont démontré que RE 
permet d’améliorer les erreurs de timing (p=0,03), mais pas AE (p=0,45). De plus, la 
comparaison entre les deux entrainements a démontré que RE était supérieur à AE pour 
améliorer le timing (p=0,04). Par ailleurs, une corrélation significative a été notée entre le 
côté de la lésion cérébrale et le changement des erreurs de timing suivant AE (rpb=0,70; p 
=0,001), mais pas RE (rpb=0,18; p=0,24). En d’autres mots, une détérioration de l’exécution 
de la tâche de timing a été notée pour les participants ayant leur lésion cérébrale à gauche. 
Par contre, ceux ayant leur lésion à droite ont bénéficié de l’entrainement par AE. Bref, 
l’entrainement par RE peut améliorer les erreurs de timing pour les survivants d’AVC au 
stade chronique. Toutefois, le côté de la lésion cérébrale semble jouer un rôle important 
dans la réponse à l’entrainement par AE. Ceci demeure à être exploré, ainsi que l’impact 
d’un entrainement par RE et AE de plus longue durée pour en déterminer leurs effets à long 
terme. 

 
 

Mots clés : apprentissage moteur, réduction de l’erreur, augmentation de l’erreur, timing, 
accident vasculaire cérébral 
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Chapter I: Research Problem 
 

After having a stroke, survivors go through several recovery stages, starting with the 

hyper-acute, acute, sub-acute, and finally, the chronic stage, usually referred as more than six 

months post stroke (Demain et al., 2006; Reinkensmeyer et al., 2012; Richards, 2013). 

Individuals that had a stroke are often left with impairments, such as timing impairments (Bi and 

Wan, 2013), negatively impacting movement execution. Consequently, it is estimated that 80% 

of stroke survivors present some limitations in the accomplishment of activities of daily living 

(Richards, 2013). Fortunately, stroke survivors are capable of motor learning, even at the chronic 

stage (Teasell et al., 2012; Teasell et al., 2014), in order to improve movement execution. Both 

the spatial (e.g. direction) and temporal (ex: timing) components of movement are required in 

order to carry out daily tasks (Georgopoulos, 2002). As such, several studies have attempted to 

improve the spatial aspect of a task using two different robotic trainings for stroke survivors: 

error amplification (EA) and haptic guidance (HG) (Patton et al., 2006; Cesqui et al., 2008). HG 

consists of guiding the person to make the correct movement, and EA is used to increase 

movement errors. So far, as compared to HG, EA yields better results on the improvement of the 

spatial component of movement among individuals that had a stroke. However, it seems that no 

study has directly compared HG and EA to improve movement timing in this population, despite 

the negative impacts that a deficit in movement timing has on the performance of everyday tasks.  
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Chapter II: Literature Review 

 

II.1 Stroke 
 

II.1.1 Definition and Epidemiology 
 

A stroke or a cerebrovascular accident is defined as “a sudden loss of brain function”, 

with symptoms lasting more than 24 hours (Heart and Stroke Foundation, 2016). There are two 

main types of stroke, depending on the cause: the first is an ischemic stroke, occurring 80% of 

the time, caused by a thrombus or an embolism (Lindsay et al., 2013). More specifically, thrombi 

are blood clots that block blood flow in the brain itself, and emboli are blood clots that occur 

elsewhere in the body that travel throughout the vascular system and proceed to block a cerebral 

artery (Mayfield Brain & Spine, 2016). The second type of stroke is called hemorrhagic, where a 

blood vessel ruptures, resulting in bleeding inside the brain tissue itself or around it (Heart and 

Stroke Foundation, 2016).  

 

Every nine minutes, someone has a stroke in Canada, and there are more than 62,000 

people that have a stroke each year HS report 2015. In addition, stroke is the third leading cause 

of death, and the number one cause of disability in the country. Due to the continuous aging of 

the population, more and more people are having strokes, and the risk of having a stroke doubles 

every 10 years, starting at the age of 55. The costs and needs for rehabilitation will only continue 

to increase because of this incessant increase in the aging of the population (Langhorne et al., 

2011). At the moment, stroke costs the Canadian economy 3.6 billion dollars in health care and 

lost productivity (Canadian Vascular Network, 2013) 

 

Fortunately, due to the continuous improvement in quality of care (e.g. technological 

innovations and health system service improvements), more than 83% of persons who have a 

stroke survive it (Heart and Stroke Foundation, 2015). Nevertheless, it is estimated that 405 000 

Canadians are living with the consequences of stroke impairments and disabilities (Krueger et 

al., 2015). 
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II.1.2 Post Stroke Impairments and Disabilities  
 

Only 10% of stroke survivors recover completely from their stroke, so the vast majority 

of survivors are left with impairments of the hemi body that is contralateral to the stroke lesion 

(Baak et al., 2015). Impairment is defined as a “change in function caused by a stroke” (p. 1.8) 

(Heart and Stroke Foundation, 2013). The occurrence and severity of post stroke impairments 

vary based on, among other things, the stroke survivor’s age, the severity and location of the 

lesion, and on how quickly they receive appropriate treatment once the stroke occurs (Heart and 

Stroke Foundation, 2013; Lindsay et al., 2013).  

 

A variety of impairments can be observed after a stroke such as language problems (e.g. 

aphasia, dysarthria), cognitive problems, perception problems (e.g. apraxia, unilateral neglect) 

and sensory problems (Raghavan, 2015). However, motor impairments affect 80% of all stroke 

survivors (Langhorne et al., 2009). The central nervous system (CNS) is responsible for motor 

control, where it creates movements that are both purposeful and coordinated, while interacting 

with the body and the environment (Latash et al., 2010). Problems with motor control often 

include muscle weakness, spasticity, and incoordination (Raghavan, 2015).  

 

Firstly, muscle weakness is common in 80% stroke survivors, and occurs mainly on the 

side of the body that is opposite to the brain lesion (National Stroke Association, 2016). Muscle 

weakness is often caused by damage to the cortico-spinal tract, which is one of the main motor 

pathways between the cortex and the spinal cord involved in voluntary movements (Jang, 2009). 

As such, a stroke-damaged cortico-spinal tract does not send the needed signal from the cortex to 

the spinal cord in order to create the desired movement (Canning et al., 2004; Wagner et al., 

2007). In turn, this impaired signal can cause muscle contractions to have a slower initiation, 

termination, (Chae et al., 2002) and force (Canning et al., 1999). Consequently, muscles can 

undergo several changes following a stroke, such as decreases in muscle mass, muscle fibre 

length, among others, which may translate into muscle weakness of the affected limbs (Gray et 

al., 2012).  
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Secondly, spasticity, which is defined as an increase in muscle tone with increasing 

velocity, can affect up to 92% of stroke survivors (Malhotra et al., 2011; Li and Francisco, 2015; 

Raghavan, 2015). Spasticity can have a detrimental impact on stroke survivors’ motor ability, as 

it can reduce joint range of motion (Raghavan, 2015). For example, in the upper limb, spasticity 

is most often present in the flexor muscle groups such as in the wrist or elbow, making it difficult 

for stroke survivors to move their affected upper limb in order to pick up objects or get dressed, 

for instance (Thibaut et al., 2013; Li and Francisco, 2015).  

 

Lastly, stroke survivors may suffer from uncoordinated movements, due to sensorimotor 

impairments that cause problems in the sequencing and timing of muscle contraction 

(Bourbonnais et al., 1992; Cheung et al., 2012). For example, stroke survivors can experience 

difficulty controlling the temporal aspect of antagonist and agonist muscles during reaching 

(Bourbonnais et al., 1992), where the contraction of antagonist and agonist muscles occurs at the 

same time. This phenomenon, called co-contraction, can thus hinder movement execution 

(Thibaut et al., 2013).  

 

Altogether, post stroke impairments can cause individuals that had a stroke to develop 

learned non-use and/or learned bad use (Raghavan, 2015), leading them to make compensatory 

movements (e.g. flexing their trunk instead of their elbow when reaching), and hence cause 

disabilities (Cirstea and Levin, 2000). A disability can be defined as “the change in ability to 

meet daily demands or do things because of an impairment” (pg. 1.8; (Heart and Stroke 

Foundation, 2013). Indeed, stroke survivors have difficulty in performing everyday activities 

such as cooking, getting dressed, and bathing, which are all important for maintaining a good 

quality of life (Langhorne et al., 2011). More specifically, 80% of these individuals have 

difficulties carrying out activities of daily living (Richards, 2013). The numerous deficits and 

impairments following a stroke can hinder the social participation of these persons for 

recreational activities, like playing tennis or playing cards, and driving for instance (Carlsson et 

al., 2004; Edwards et al., 2006; Fougeyrollas, 2010; Rozon and Rochette, 2015). Luckily, it was 

demonstrated that rehabilitation could improve the social participation of stroke survivors, even 

if it takes time (Mayo et al., 2015; Obembe and Eng, 2016).  
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In view of these facts, there is no need to specify that impairments and disabilities can 

compromise post stroke movement execution. The components that are needed to properly carry 

out a movement will be discussed next. 

II.2 Movement 
 

 Two aspects are required in order to effectively produce a movement: the first is spatial, 

such as the direction and fluidity of movement (Georgopoulos, 2002). The second is the temporal 

aspect of movement, like timing. Both of these components can be studied separately, depending 

on the nature of the task (Georgopoulos, 2002). Nevertheless, only the timing aspect of 

movement will be further discussed here since it is the variable of interest in this thesis.  

 

II.2.1 Timing  
 

Movement timing is defined as the ability to properly activate the muscles at the correct 

moment (Shumway-Cook and Woollacott, 2012). Also, the left side of the brain seems to be 

responsible for processing timing (Kwon et al., 2007; Freitas et al., 2011). For instance, in the 

study by Kwon et al. (Kwon et al., 2007), individuals that had a stroke who had a lesion in the 

left hemisphere displayed a much higher variability in timing during a tapping task as compared 

to those that had their lesion in the right hemisphere. Although timing can be divided into three 

components: execution time, the time required to stop a movement and reaction time, this work 

focused on reaction time, which is defined as “the duration from the onset of a stimulus to the 

initiation of a motor response” (p. 213) (Carnahan et al., 1997). However, the term timing will be 

used in this manuscript since it is the main term that is used in the literature. 

 

Furthermore, movement timing is crucial in order to perform daily tasks such as driving 

either a car or a motorized wheelchair (Marchal Crespo and Reinkensmeyer, 2008; Marchal-

Crespo et al., 2010), playing sports like golf or tennis (Marchal-Crespo et al., 2013), or catching 

a ball (Ziherl et al., 2010). However, studies have found that post stroke timing deficits can 

hinder functional performance.  

 



 
 

 

6 

II.2.2 Post Stroke Timing Deficit 
 

 Stroke survivors can have timing deficits that are caused by impairments previously 

presented above (Hermsdörfer and Goldenberg, 2002; Gerritsen et al., 2003; Daly et al., 2006; 

Freitas et al., 2011; Bi and Wan, 2013).  

 

A small number of studies have examined the relationship between reaction time and 

motor recovery post stroke (Hermsdörfer and Goldenberg, 2002; Werhahn et al., 2003; Miscio et 

al., 2006; Bi and Wan, 2013). For example, a study by Miscio et al. (Miscio et al., 2006) 

evaluated the reaction times of the flexors and extensors of the wrists of eight individuals that 

had a stroke (mean age=61 ± 13 years), using electromyography. They found that the reaction 

times were slower in both the affected and unaffected wrists (flexors and extensors). The authors 

explained that this might be due to a damaged cortico-spinal tract where there may be a slowing 

or interruption of its outflow. The authors also investigated whether there was a relationship 

between the reaction time and the Modified Ashworth Scale (MAS), a measure of spasticity (on a 

scale of 0 to 4, where 0 is normal), and the Medical Research Council scores, a measure of 

manual muscle strength (on a scale of 0 to 5, where 5 is normal). Although no relationship was 

found between reaction time and spasticity of the wrist, a significant relationship was obtained 

with muscle strength at the affected flexors (r=-0.55, p<0.0001) and extensors (r=-0.36; 

p=0.012), respectively. This meant that the stroke survivors with the most amount of motor 

strength had faster reaction times.  

 

Moreover, individuals that had a stroke have been found to have reaction times for their 

affected limbs that are twice as long as that of their healthy side (Miscio et al., 2006; Bi and 

Wan, 2013) and when compared to healthy individuals (Bi and Wan, 2013), for tasks involving 

wrist extension and flexion. As such, this slowing of reaction time can compromise their 

performance of everyday functional activities (Freitas et al., 2011). It is to be noted that a smaller 

number of studies have investigated the relationship between cognitive impairment and timing, 

where higher cognitive impairments were associated with slower timings (Daly et al., 2006; 

Cumming et al., 2012; Cumming et al., 2014). However, this aspect was not studied in this 
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thesis, and it was ensured that all of the participants understood the timing task adequately (see 

Chapter IV).  

 

Furthermore, an important part of rehabilitation for individuals that had a stroke is related 

to motor learning. Luckily, as mentioned earlier, they maintain their ability for motor learning in 

order to regain function of their affected limb (Teasell et al., 2012; Takeuchi and Izumi, 2013; 

Teasell et al., 2014). Motor learning, including its principles and measures, as well as the ways 

to promote it, will be further discussed.  

 

II.3 Motor Learning  
 

II.3.1 Definition 
 

Motor learning, as defined by Schmidt and Lee (Schmidt and Lee, 2011), is “a set of 

internal processes associated with practice or experience leading to relatively permanent changes 

in the capability for skilled movement” (p. 327). Several aspects are required, such as temporal, 

spatial and hierarchical organizations of the CNS (Schmidt and Lee, 2011). Thus, motor learning 

can allow many things such as learning how to make a new movement, acquiring a new 

movement, or modifying a movement. Furthermore, motor learning occurs by the process of 

motor development, which is the “evolution of changes in motor behavior [that occur] as a result 

of growth, maturation, and experience” (p. 399) (Schmidt and Lee, 2011; O'Sullivan et al., 

2014).  

 

II.3.2 Principles 
 

There are various aspects that can influence one’s motor learning (Schmidt and Lee, 

2011; Lage et al., 2015), such as the person’s characteristics (e.g. attention and motivation), and 

the characteristics of the task to be learned (e.g. practice, feedback, guidance vs. error), which 

can all be modified in order to optimize motor learning. In this thesis, the characteristics of the 

task were manipulated in order to optimize movement timing and will thus be discussed in more 

detail. 
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II.3.2.1 Characteristics of the task: Practice  
 

Practice includes two aspects: firstly, the more one practices, the more motor learning 

one will have. Secondly, with practice, substantial improvements can be noted towards the 

beginning of the task, and smaller improvements can be observed over time (Lage et al., 2015). 

Furthermore, there can be three main ways of providing practice.  

 

The first is massed vs. distributed practice. In massed practice, the entire task is practiced 

at once with little rest periods. This kind of practice is often more efficient for people who have 

concentration problems (Schmidt and Lee, 2011). On the other hand, in distributed practice, the 

participant is given more rest periods and less practice of the actual task. The latter is better for 

individuals whom are more prone to fatigue (Schmidt and Lee, 2011). Both techniques have been 

shown to be efficient for stroke survivors (Dettmers et al., 2005; Geurts et al., 2005; Vearrier et 

al., 2005; Muratori et al., 2013). For example, massed practice was used to help improve balance 

among 10 individuals that had a stroke (Vearrier et al., 2005) where they practiced balance 

activities for 6 hours per day for 10 consecutive weekdays. Furthermore, a distributed form of 

constraint induced movement therapy was used in the study by Dettmers et al. (Dettmers et al., 

2005), where 11 individuals that had a stroke received training of their affected arm 3 hours per 

day for 20 days where they had to repeatedly practice everyday tasks (e.g. opening and closing 

bottles). The participants served as their own control. The authors found significant gains for the 

affected trained upper limb such as in grip strength (4.2 ± 3.1 kg), and these gains were kept for 

as much as six months post therapy.  

 

Secondly, practice can be given in blocks or randomly (Schmidt and Lee, 2011). More 

specifically, during random practice, different tasks are practiced in random order. During 

blocked practice, the same task is repeatedly practiced over and over. It has been shown that 

blocked practice provides better retention over the short term and that random practice is better 

over the long term (Immink and Wright, 2001). For example, both interventions, when combined 

with active neuromuscular stimulation, were shown to help individuals that had a stroke 

significantly improve their manual dexterity and reaction time, while they practiced the Box and 
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Block Test and a reaction time task involving the extension of their wrist and fingers, when 

compared to a control group (Cauraugh and Kim, 2003).  

 

Thirdly, practice can be provided in part or in whole (Kurtz and Lee, 2003; Hansen et al., 

2005; Schmidt and Lee, 2011; Klein et al., 2012). This applies to more complicated motor skills. 

In other words, one can learn the entire steps that are required to perform one task (whole) or one 

can learn a task in steps (in part). For example, (Klein et al., 2012) used robotic haptic guidance 

to compare part versus whole complex arm movement training in young healthy participants 

(n=40; age=28.6 ±5.5 years). The authors found that breaking down the task into components 

was more effective at improving learning than practicing the task in whole. 

II.3.2.2 Characteristics of the task: Feedback 
 

Feedback has been found to have a very important effect on motor learning (Krebs et al., 

1998; Boian et al., 2002; Brewer et al., 2008; van Asseldonk et al., 2009). Feedback can be 

given extrinsically or intrinsically.  

 

Extrinsic feedback occurs when feedback is given to the individual while he or she 

practices the task (concurrent feedback), or after the he or she practices the task (terminal 

feedback). In a healthy population, it has been shown that extrinsic feedback that is given during 

a task will improve performance but will decrease retention, whereas feedback that is given after 

a task will not improve performance while training but may increase retention (Carnahan et al., 

1996). In a chronic stroke population, Secoli et al. (Secoli et al., 2011) provided concurrent 

sound feedback to individuals that had a stroke while they were practicing a tracking task with 

their affected upper limb positioned in a robotic device. The authors found that sound feedback 

increased the subjects’ effort during the task while at the same time decreasing their tracking 

errors as opposed to no sound feedback.  

 

On the contrary, distorted feedback can be provided. For instance, visual feedback can be 

distorted by creating a difference between what the person perceives and what he/she 

experiences in reality (Brewer et al., 2006). Since this difference can be made imperceptible to 

the person, it can help promote improvements in performance (Brewer et al., 2008), especially 
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among neurologically impaired individuals, since it may help them overcome their resistance to 

move past their usual movements (Atkinson, 1964; Bandura and Cervone, 1986; Taub et al., 

1994; Brewer et al., 2008). For instance, Brewer et al. (Brewer et al., 2008) used visual feedback 

distortion by manipulating the range of force that was mapped to a visual feedback bar during 

pinching and extension movements of the affected thumb and index finger among individuals 

that had a stroke. They noted that visual distortion feedback improved their performance by 

increasing their force production.  

 

Furthermore, the human body naturally provides intrinsic feedback. For example, a 

mechanical perturbation to the arm triggers a sensory response that is sent to the nervous system. 

The nervous system then detects this sensory feedback and uses it to adjust for subsequent 

movements (Shadmehr and Mussa-Ivaldi, 1994; Wolpert et al., 1995; Conditt et al., 1997; 

Thoroughman and Shadmehr, 2000; Scheidt et al., 2001). It is thought that the nervous system 

then forms an internal model of the movement to allow motor learning. Thus, intrinsic feedback 

is crucial for motor planning and control (Flanagan et al., 1999; Desmurget and Grafton, 2000; 

Thoroughman and Shadmehr, 2000; Seidler et al., 2004; Emken and Reinkensmeyer, 2005; 

Halsband and Lange, 2006; Krakauer, 2006; Fine and Thoroughman, 2007; Tseng et al., 2007; 

Franklin et al., 2008; Izawa et al., 2008; Milot et al., 2010; Scott, 2012).  

II.3.2.3 Characteristics of the task: Guidance versus Error 
 

One can modify the characteristics of the task to be learned by guiding or disturbing 

movement (increasing error) in order to optimize motor learning. These two distinct concepts 

will be discussed in relation to what has been found in the literature. In the study for this thesis, 

guidance was given to one group of stroke participants and error was given to the other. Both 

principles were compared in order to determine which one optimized post-stroke motor learning. 

  

II.3.2.3.1 Guidance 
 

During guidance, the therapist or robot-mediated devices can physically guide the person 

to make the correct movement, decreasing overall errors such as timing errors, and improving the 

execution of movements (Liu et al., 2006; Marchal-Crespo and Reinkensmeyer, 2009; Marchal-
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Crespo et al., 2010; Milot et al., 2010; Lüttgen and Heuer, 2013; Marchal-Crespo et al., 2014; 

Bouchard et al., 2015). It is the most common technique that is used in rehabilitation (Marchal-

Crespo et al., 2014). It is hypothesized that guidance provides the CNS with additional 

somatosensory and proprioceptive cues, heightening neural reorganization and movement 

planning and thus motor learning (Kahn et al., 2006; Liu et al., 2006; Milot et al., 2010; 

Marchal-Crespo et al., 2014; Bouchard et al., 2015). Guidance also helps one learn how to 

perform new movements and relearn how to make movements. For example, Takahashi et al. 

(Takahashi et al., 2008) used HG to help improve arm motor function for individuals that had a 

stroke, as measured by the Fugl-Meyer Stroke Assessment Scale (FMA) and the Action Research 

Arm test.   

 

However, when receiving guidance, some participants can become lazy, and let 

themselves be guided by the robotic movement or the therapist, which limits their retention and 

motor learning (Marchal Crespo and Reinkensmeyer, 2008; Ziherl et al., 2010; Reinkensmeyer 

et al., 2012). Also, because the errors are being reduced, it may limit the use of intrinsic feedback 

by the CNS to correct movements (Reinkensmeyer et al., 2012). 

II.3.2.3.2 Error 
 

The therapist or robot-mediated devices can induce error by disturbing the participant’s 

movement while he or she performs the task (Schmidt and Lee, 2011), which is referred to as 

extrinsic errors. For example, the therapist could push a participant’s arm to the left or right 

while he or she tries to grasp an object in a straight trajectory, increasing their trajectory error. It 

has also been reported that artificially augmenting errors creates a more rapid (Emken and 

Reinkensmeyer, 2005) and complete (Wei et al., 2005) motor learning. Likewise, errors can also 

be caused intrinsically. For example, after a stroke, it is thought that the increased errors related 

to motor impairments, such as spasticity or muscle weakness, become the norm and the CNS 

does not correct them anymore. It is thought that artificially increasing errors may awaken new 

inputs that were otherwise not stimulated (Wei et al., 2005) and promote motor learning post 

stroke.  
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In this thesis, the characteristics of the task were modified, where participants received 

either guidance or error amplification, provided by a robotic hand, while they performed a timing 

task. 

 

II.3.3 Measures of Motor Learning 
 

The first way of measuring motor learning is through one’s immediate change in 

performance (Carnahan et al., 1997; Wei et al., 2005; Marchal Crespo and Reinkensmeyer, 

2008; Marchal-Crespo et al., 2010; Milot et al., 2010; Secoli et al., 2011; Reinkensmeyer et al., 

2012; Milot et al., 2013; Marchal-Crespo et al., 2014; Bouchard et al., 2015). For example, Wei 

et al. (Wei et al., 2005) found that healthy participants were able to improve their performance 

following a robotic training for a reaching task by EA, where they were able to make faster and 

straighter movements compared to the control group. Another example is a study by Marchal-

Crespo et al. (Marchal-Crespo et al., 2014), which measured changes in performance through 

muscle activation with surface electromyography. More specifically, participants were asked to 

synchronize their non-dominant leg with their dominant leg, in terms of amplitude and 

frequency, to make stepping movements while receiving EA, HG or no robotic training. They 

found that motor learning was improved for those that had received the EA trainings.  

 

A second approach to evaluating motor learning is by retention (Marchal-Crespo et al., 

2010), which is defined as “the ability of the learner to demonstrate the skill over time and after a 

period of no practice” (p. 11) (O'Sullivan and Schmitz, 2016). For example, Marchal-Crespo et 

al. (Marchal-Crespo et al., 2010) found that robotic training allowed long-term retention (over 

one week) for a steering task among healthy seniors.  

 

A third measure of motor learning is adaptability or generalization, which is “the extent 

to which learning generalizes (transfers) to the untrained eye or hand, to an untrained stimulus or 

movement, or to other contexts” (p. 201) (Censor, 2013). For example, several studies have 

investigated inter-manual transfer, in which subjects practiced learning with one hand and then 

were able to generalize their movements with the other hand, such as in drawing figures (Parlow 

and Kinsbourne, 1989; Thut et al., 1996; Howard and Howard, 1997; Japikse et al., 2003; 
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Obayashi, 2004; Perez et al., 2007; Perez et al., 2008) and cursive writing (Basteris et al., 2012). 

Studies also found that subjects were able to generalize to untrained targets from robotic 

trainings following HG (Milot et al., 2010) and EA (Wei et al., 2005).  

 

All three measures of motor learning were retained in the study of this thesis. Based on 

the principles of motor learning that were described above, the strategies in which to promote 

motor learning will be discussed next in order to rehabilitate individuals that had a stroke.   

 

II.3.4 Promoting Motor Learning among Individuals that had a Stroke 
 

Firstly, as mentioned earlier, individuals that had a stroke are capable of motor learning 

(Winstein et al., 1999; Patton et al., 2006; Langhorne et al., 2011), even at the chronic stage (Pak 

and Patten, 2008).  

 

Hence, the different strategies that are currently used in stroke rehabilitation to promote 

motor learning among individuals that had a stroke are outlined below. 

II.4 Stroke Rehabilitation Strategies  
 

According to the Canadian Best Practice Recommendations for Stroke Care, stroke 

rehabilitation is a “progressive, dynamic, goal orientated process aimed at enabling a person with 

impairment to reach their optimal physical, cognitive, emotional, communicative, and/or social 

functional levels” (Lindsay et al., 2013). Stroke rehabilitation is essential for stroke care, 

whether at the acute or chronic level, in order to optimize motor learning and recovery.  

 

II.4.1 Best Stroke Practice Recommendations for Stroke Rehabilitation 
 

 In Canada, the Canadian Best Stroke Practice Recommendations for Stroke Care (Hebert 

et al., 2016) gives rehabilitation advice, starting at the stroke patient’s admittance to the hospital, 

and following his or her discharge. The guidelines recommend giving continuous rehabilitation 

that is suited to the person’s needs and for as long as he or she needs (e.g. months, years, etc.). 

Both the clinicians and the family members are a part of a team that helps the stroke survivor in 
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his or her rehabilitation process, and before he or she receives rehabilitation, the clinician must 

assess whether it is suitable for them to partake in it.  

After leaving the acute hospital, it is recommended that stroke patients receive 45 to 180 

minutes of rehabilitation per day, three to five times per week. Concerning the affected arm and 

hand, the Best Practice Recommendations (#5.5.1) recommends that the individual receives 

training that is “meaningful, engaging, progressively adapted, task-specific and goal-oriented 

[…]” in order to optimize motor control and sensorimotor function (Lindsay et al., 2013). 

Individuals that had a stroke must be encouraged to use their affected limb during functional 

tasks, involving skills that are needed to perform everyday tasks (e.g. buttoning, lifting, pouring, 

etc.). More specifically, it is recommended that they receive rehabilitation treatments that focus 

on increasing the functional and active movement of the affected arm in a highly intense and 

repetitive manner, with performance feedback (Macko et al., 2005; Teasell et al., 2006; Ivey et 

al., 2008; Volpe et al., 2008; Hornby et al., 2011; Norouzi-Gheidari et al., 2012; Boyne et al., 

2013; Boyne et al., 2015). 

 

One way to achieve these crucial aspects is through robotic training, since it supports the 

guidelines for optimal rehabilitation, especially in terms of high intensity and repetition of 

training (Takeuchi and Izumi, 2013). The following sections describe the characteristics of 

robotic rehabilitation, which help emphasize the use of a robotic device in this thesis. 

 

II.4.2 Robotic Rehabilitation 
 

Robotic training is becoming increasingly popular to try to improve post stroke motor 

recovery (Norouzi-Gheidari et al., 2012). Robotic devices can use mathematical models of motor 

learning, which are thought to provide new somatosensory and proprioceptive stimulation, which 

may help brain reorganization and thus motor learning (Reinkensmeyer et al., 2012). In addition, 

knowing that intensity and repetition are key elements for optimal stroke rehabilitation, robotic 

training can prevent therapists’ fatigue by providing a more controlled, steady, intense, and 

frequent training, and more so to that of which a therapist could physically provide (Norouzi-

Gheidari et al., 2012). Also, it has been shown that participants prefer robotic therapy over 

conventional therapy for several reasons such as it is more exciting (Reinkensmeyer et al., 2012).  
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Several studies have reported that robotic rehabilitation can improve post stroke motor 

recovery (Ferraro et al., 2003; Prange et al., 2006; Lo et al., 2010; Abdollahi et al., 2011; 

Reinkensmeyer et al., 2012; Milot et al., 2013). For instance, Lo et al. (Lo et al., 2010) found 

further improvements in motor recovery (differences in gains of approximately 3 points on the 

FMA), and time of completion of functional tasks (difference of approximately 8 seconds on the 

Wolf Motor Function Test). In addition, robotic training was found to significantly improve grip 

strength by 2.2 kgF in individuals that had a stroke, as compared to those who received 

conventional therapy (Reinkensmeyer et al., 2012). Finally, robotic training has also helped 

improve manual dexterity among individuals that had a stroke, illustrated by a significant 

increase of 6 blocks picked up and dropped on the Box and Block Test (Milot et al., 2013), 

regardless of whether the participants received single-joint or multi-joint robotic training. 

However, the high cost of robotic devices can prevent them from being a popular clinical tool 

(Norouzi-Gheidari et al., 2012), although experts in robotics have now established guidelines for 

robotic development (e.g. user-friendly interfaces, lower costs, etc.) to ensure that this 

technology can be better introduced into the clinical setting (Reinkensmeyer et al., 2012). Yet, 

when matched for the same parameters, robotic rehabilitation and usual care produce similar 

gains (Norouzi-Gheidari et al., 2012). 

 

Several robotic modes are prevalent in the literature, such as assistive, assist-as-needed, 

and non-contacting coaching trainings (Marchal-Crespo and Reinkensmeyer, 2009; 

Reinkensmeyer et al., 2012). Within these modes of robotic training, two prevailing and 

opposing strategies, haptic guidance (HG) and error amplification (EA), are increasingly studied 

for stroke rehabilitation. These strategies form the basis of the current thesis and will be further 

explained in the following sections. However, the establishment of the appropriate type of 

robotic training that is needed to maximize motor learning is a current issue in the literature (Liu 

et al., 2006). 
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II.4.2.1 Haptic Guidance  
 

Haptic guidance (HG) has been studied for the past 100 years to increase motor learning 

(Holding and Macrae, 1964). As mentioned previously, the principle of guidance consists of 

guiding the participant to make the appropriate movement, in order to promote motor learning. 

Thus, performance is improved, and movement errors are decreased (Liu et al., 2006; Marchal 

Crespo and Reinkensmeyer, 2008; Reinkensmeyer and Patton, 2009; Milot et al., 2010; Lüttgen 

and Heuer, 2012). This is thought to possibly maximize motor learning by increasing the amount 

of somatosensory (Carel et al., 2000; Marchal-Crespo and Reinkensmeyer, 2009), and 

proprioceptive cues (Patton and Mussa-Ivaldi, 2004) that are required for movement planning 

(Marchal-Crespo et al., 2014). The main results of using haptic guidance among healthy and 

stroke individuals will be presented below. 

II.4.2.1.1 Healthy Individuals 
 

Haptic guidance has been found to help people with several tasks such as learning 

calligraphy (Teo et al., 2002; Liu et al., 2006; Bluteau et al., 2008; Basteris et al., 2012), 

learning how to follow trajectories (Feygin et al., 2002), improving golf swings (Kümmel et al., 

2014), making slalom movements on a ski simulator (Wulf and Toole, 1999), simulated steering 

of a motorized wheelchair (Marchal Crespo and Reinkensmeyer, 2008), learning difficult 

gymnastics routines (Domingo and Ferris, 2010) and training neurosurgeons (McBeth et al., 

2004). Importantly, HG has been found to help people improve their timing (Wulf et al., 1998; 

Marchal Crespo and Reinkensmeyer, 2008; Marchal-Crespo et al., 2010; Milot et al., 2010; 

Lüttgen and Heuer, 2013; Heuer and Lüttgen, 2014; Bouchard et al., 2015). For most of these 

tasks, HG was provided by robotic means. For example, a study by Marchal-Crespo and 

Reinkensmeyer (Marchal Crespo and Reinkensmeyer, 2008) was conducted on young healthy 

participants (n=24). Participants were randomly divided into three groups. More precisely, one 

group received fixed HG, meaning that the guidance did not change throughout the training. 

Another group received guidance-as-needed HG, where the amount of guidance decreased as the 

participant improved his or her performance. Lastly, the other group received no guidance. The 

results showed that both groups that received HG had significant improvements in immediate 

motor learning as compared to the group that received no guidance, where they learned to initiate 

their turns earlier than the no guidance group. To explain these results, the authors hypothesize 
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that HG may provide sensory cues that the motor system uses in turn to improve motor learning 

of the trained task.  

 

Yet, there are studies that have found that HG can worsen performance (Winstein et al., 

1994; Domingo and Ferris, 2009; van Asseldonk et al., 2009; Heuer and Rapp, 2011; Heuer and 

Rapp, 2014). Interestingly, several studies have found that HG inhibits the learning of a reaching 

task while training with visuo-motor distortions when compared to training with no HG (van 

Asseldonk et al., 2009; Heuer and Rapp, 2011; Heuer and Rapp, 2014). Heuer and Rapp (Heuer 

and Rapp, 2011) suggest that this is due to the lack of necessary proprioceptive information and 

generation of errors, which are important for learning this kind of task. Furthermore, a study by 

Lüttgen and Heuer (Lüttgen and Heuer, 2012) found similar gains between two groups that 

received HG versus no guidance to draw circles. When comparing both groups, they found that 

the group that received robotic help had improved their performance during practice, but that 

both groups performed similarly in regards to timing and shape. To help explain the mixed 

results of HG, Feygin et al. (Feygin et al., 2002) have proposed that if a task is difficult to learn, 

such as a timing task, HG might be a good technique to favour motor learning, but if a task is 

simple or easy to learn, HG might not be the best technique. In addition, although it may increase 

performance, HG may inhibit long term retention because the person can become lazy 

(“slacking”) or even passive, relying too much on feedback or guidance (Winstein et al., 1994; 

Feygin et al., 2002; Kao et al., 2010). Also, it has been found in dynamic tasks that the motor 

system recruits less muscle when errors are reduced (Emken et al., 2007; Reinkensmeyer et al., 

2009; Kao et al., 2010). Furthermore, some studies (Marchal-Crespo and Reinkensmeyer, 2008; 

Milot et al., 2010) did not find any generalization to other tasks following HG training, possibly 

due to the fact that errors are needed in order to form an internal model for motor learning and 

generalization, and since HG reduces errors, it limits generalization (Thoroughman and 

Shadmehr, 2000). 

 

II.4.2.1.2 Individuals that had a Stroke  
 

As was found for healthy individuals, the results of using HG among stroke survivors are 

also mixed.  
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Several studies have found many benefits to using HG among stroke survivors, such as 

making improvements in execution time (Squeri et al., 2009; Brokaw et al., 2011), fluidity of 

movement (Ziherl et al., 2010; Brokaw et al., 2011), drawing of a circle (Miyoshi et al., 2010), 

decreasing trajectory error (Squeri et al., 2009), improving gait and balance (Kim et al., 2015), 

and increasing motor recovery for the affected limb (Aisen et al., 1997; Lum et al., 2002; Fasoli 

et al., 2003; Colombo et al., 2005; Kahn et al., 2006). 

 

On the other hand, some studies found a worsening or no benefit from receiving HG 

(Kahn et al., 2006; Hornby et al., 2008; Ziherl et al., 2010). A study by Kahn  et al. (Kahn et al., 

2006) compared one group of individuals that had a stroke that received an 8-week HG robotic 

training versus another that received no robotic assistance for a reaching task using the affected 

upper limb. Although both groups had gains in range of motion and speed, there was no 

significant difference between the two groups. In addition, a study by Hornby  et al. (Hornby et 

al., 2008) found larger improvements in gait speed and symmetry for individuals that had a 

stroke that received a conventional physical therapy intervention versus those that received 

robotic guidance. Finally, one study by Ziherl  et al. (Ziherl et al., 2010) encountered one of the 

limits of providing HG, where the participants became passive while receiving it, where they 

allowed the robot do the movement for them, which limited their motor learning when compared 

to a control group.  

 

II.4.2.2 Error Amplification 
 

In contrast to haptic guidance, error amplification (EA) is based on the principle that 

errors are a crucial stimulus in order to induce motor learning and the formation of an internal 

model of the movement (Emken and Reinkensmeyer, 2005; Patton et al., 2006; Reisman et al., 

2007; Krakauer, 2009; Milot et al., 2010; Ziegler et al., 2010; Abdollahi et al., 2011; Kao et al., 

2013; Marchal-Crespo et al., 2014). In that regard, as mentioned earlier, amplifying errors can 

lead to a more rapid (Emken and Reinkensmeyer, 2005) and complete (Wei et al., 2005) motor 

learning. 
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II.4.2.2.1 Healthy Individuals 
 

EA has helped healthy individuals learn such tasks as stepping (Emken and 

Reinkensmeyer, 2005; Lam et al., 2006) and following ankle paths (Kao et al., 2013), reaching 

tasks (Wang et al., 2010; Sharp et al., 2011), as well as improving trajectory errors (Patton and 

Mussa-Ivaldi, 2004; Grafton et al., 2008; Izawa et al., 2008), adaptation time (Emken and 

Reinkensmeyer, 2005; Emken et al., 2007), and timing (Milot et al., 2010; Wang et al., 2010; 

Sharp et al., 2011; Shirzad and Van der Loos, 2012; Marchal-Crespo et al., 2014; Bouchard et 

al., 2015). 

 

For example, Wei et al. (Wei et al., 2005) used a visuo-motor distortion task where 

participants had to hit targets while their hand was hidden. EA was provided by means of visual 

distortion by gains of 2, 3.1 or offset. Participants were randomized into four groups to receive 

only one treatment (one of the three types of EA or no robotic assistance). They found that those 

who received EA by a gain of 2 and the offset learned twice as fast as the other two groups. The 

offset group also doubled their amount of motor learning, more so than the other three groups. 

Interestingly, those who received the most EA training did not have the most motor learning. 

This result is in line with other studies that have found that giving too much EA can worsen 

motor learning (Takahashi and Reinkensmeyer, 2003; Domingo and Ferris, 2010). Reasons to 

explain this include the fact that if too much error is provided, it may increase frustration and 

decrease the participant’s motivation to learn the task (Domingo and Ferris, 2010). In addition, 

for someone that is not skilled at the task to begin with, it is possible that providing too much 

error may overwhelm the CNS with too much information to process (Milot et al., 2010). 

 

In addition, as opposed to HG, some studies have found that participants could generalize 

their improvements in performance after receiving EA, as they were able to transfer their skills to 

other movement directions or tasks (Patton and Mussa-Ivaldi, 2004; Grafton et al., 2008). For 

instance, the study by Patton and Mussa-Ivaldi (Patton and Mussa-Ivaldi, 2004) found that 

participants were able to generalize to other targets with which they did not practice with, during 

a reaching task.   
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On the other hand, a study by van Asseldonk et al. 2009 found similar gains between 

receiving EA versus no robotic assistance for a reaching task with visuo-motor distortions (van 

Asseldonk et al., 2009). They suggest that during EA, the participants must have not only 

adapted to the task, but must also have reacted to the EA itself, which may have caused a 

reduction in the ability to adapt to the task.  

II.4.2.2.2 Individuals that had a Stroke 
  

 Among individuals that had a stroke, EA has yielded positive results for gait performance 

(step length asymmetry) (Reisman et al., 2010; Reisman et al., 2013), functional recovery of the 

hand (Brewer et al., 2008), as well as the tracing of a circle (Huang and Patton, 2013). Many 

studies have also found that EA helped improve the performance of reaching tasks: more 

specifically, results showed that EA reduced the degree of error between the desired movements 

and those made by the participants (Patton et al., 2006), and improved the amplitude of 

movement (Abdollahi et al., 2011), coordination (Patton et al., 2006) and motor recovery 

(Abdollahi et al., 2011). For instance, Abdollahi et al. (Abdollahi et al., 2011) found a clinically 

significant gain of 7 points on the arm section of the FMA, after 19 individuals that had a stroke 

received both the control (mass practice) and robotic (massed practice with EA) conditions in a 

6-week cross-over design where participants were asked to make several upper extremity 

movements with their affected arm (e.g. diagonal and side reaching across their body).  

 

 It seems that only two studies have directly compared the impact of EA and HG on 

improving the spatial component of movement (reaching) among individuals that had a stroke 

(Patton et al., 2006; Cesqui et al., 2008). The study by Patton et al. (Patton et al., 2006) 

compared HG and EA robotic trainings among 18 individuals that had a stroke, where 

participants were asked to make 834 reaching movements with their affected arm towards 

randomly placed targets using a robotic device. All of the participants received both trainings. 

The authors found that only the EA training helped the participants improve their performance.  

 

In sum, practicing a task with both HG and EA can promote performance or motor 

learning of that specific natural task (that is without HG or EA), among individuals that had a 

stroke. However, all of the studies presented were conducted for spatial tasks (e.g. direction) and 
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not for temporal ones (e.g. timing), like in the study of this thesis, even though temporal deficits 

after a stroke can have a detrimental impact on the accomplishment of everyday tasks.  

 

II.4.3 The use of Haptic Guidance and Error Amplification for Improving Temporal 
Components of Movement  
 

It seems that only two studies have used HG and EA among healthy individuals to try to 

improve timing (Milot et al., 2010; Bouchard et al., 2015). A study carried out by Milot  et al. 

(Milot et al., 2010) was conducted in order to evaluate and compare the efficacy of HG and EA 

for young healthy individuals (average age of 24 ± 2.7 years) for a computerized pinball-like 

timing task, where the goal was to hit as many targets as possible with the proper timing while 

using a robotic hand device (TAPPER). They found that both EA and HG were effective at 

improving timing, but the effectiveness of each robotic training was dependent on the 

participant’s initial skill level, where: those that were better at the task to begin with benefited 

most from EA, and those that were less-skilled at the task gained from HG. A study by Bouchard  

et al. (Bouchard et al., 2015) used the same training paradigm with a modified version of 

TAPPER, TEO, to provide the pinball-like timing task to 32 healthy seniors (average age of  68 

± 4 years).  Contrary to Milot  et al.’s study (Milot et al., 2010), the authors found that only HG 

significantly improved the seniors’ timing (11.7 ± 4.4 ms vs. 9.7 ± 3.4 ms, p = 0.049), and EA 

had a tendency towards worsening their performance (9.8 ± 3.8 vs. 11.4 ± 5.9 ms, p = 0.13) They 

also found a correlation between age and the seniors’ timing performance following EA, where 

the older the participants were, the more EA worsened their performance (r = -0.59, p = 0.008). 

The project for this thesis is an extension of the study by Bouchard et al. (Bouchard et al., 2015), 

where the aim was to determine the effects of HG and EA on timing accuracy for a chronic 

stroke population. 

II.5 Summary 
 

In sum, both EA and HG have been used to improve movement execution in healthy and 

stroke individuals. Moreover, for both healthy and stroke populations, most studies have looked 

at improving the spatial aspect of a task and not the temporal (e.g. timing) component. Very few 

studies have directly compared EA and HG trainings (Patton et al., 2006; van Asseldonk et al., 
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2009; Milot et al., 2010; Heuer and Rapp, 2011; Marchal-Crespo et al., 2014; Bouchard et al., 

2015) and only one has directly compared them among a chronic stroke population (Patton et al., 

2006). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

23 

Chapter III 

III.1 Objectives  
 

III.1.1 Primary Objective 
 

The main objective of this study was to evaluate and compare the effectiveness of a 

single training session by HG and EA on the immediate improvement of performance for a 

timing task among individuals that had a stroke. 

 

III.1.2 Secondary Objective 
 

The second objective consisted of exploring if there was a relationship between the side 

of the stroke lesion and the participants’ timing accuracy following HG or EA training. 

 

III.2 Hypotheses 
 

III.2.1 Primary Hypothesis 
 

Since both stroke survivors and older individuals have been found to have slower timings 

(Carnahan et al., 1996; Wishart et al., 2000; Daly et al., 2006; McAuley et al., 2006; van Dijk et 

al., 2007; Marchal-Crespo et al., 2010; Seidler et al., 2010; Pietschmann et al., 2011; Cumming 

et al., 2012; Turgeon and Wing, 2012; Bi and Wan, 2013; Hoogendam et al., 2014) and based on 

the study by Bouchard  et al. (Bouchard et al., 2015) that was conducted on healthy seniors, that 

found that HG was more beneficial to learning than EA, it was expected that the individuals that 

had a stroke would also benefit more from HG.  

 

III.2.2 Secondary Hypothesis 
 

Since it is believed that the left side of the brain is responsible for processing timing 

(Kwon et al., 2007; Freitas et al., 2011), it was hypothesized that the participants that had a 
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lesion on the left side of the brain would have an impaired learning of timing, as compared to 

those that had their stroke in the right hemisphere.  
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Chapter IV: Materials and Methods 
 
 

The materials and methods that were used in this study were heavily based on a previous 

study (Bouchard et al., 2015). Based on the results of this Master’s thesis, an article was recently 

published (Bouchard et al., 2016) and can be found in this document (Chapter V). This thesis 

will nonetheless explain the most pertinent points, notably the functioning of the robotic hand 

and the variables of interest.  

 

IV.1 Variables, Instrument and Procedure 
 

IV.1.1 Descriptive Variables 
 

To characterize the participants, socio-demographic variables were collected (e.g. age, 

stroke type, time since stroke) as well as descriptive variables, consisting of: manual dexterity 

(Box and Block Test) (Mathiowetz et al., 1985), motor recovery of the affected upper limb by the 

Fugl-Meyer Stroke Assessment Scale (FMA) (Fugl-Meyer et al., 1975), grip strength (Jamar 

dynamometer) (Mathiowetz, 2002), and the subjects’ self-perceived quantity and quality of the 

use of their affected upper limb in daily activities (Motor Activity Log) (Uswatte et al., 2006).  

 

The Box and Block Test (Mathiowetz et al., 1985) consists of transporting the most 

blocks from one partition to another in one minute. The number of blocks transported by each 

hand is compared. The upper extremity section of the Fugl-Meyer Stroke Assessment Scale 

(Gladstone et al., 2002) consists of evaluating the motor recovery of the affected upper limb 

during various movements in and out of synergistic patterns. A total score of 66 signifies a 

normal motor recovery score. The JAMAR dynamometer is used to measure grip strength where 

the average score of three trials (in kg) is calculated for both hands (Mathiowetz, 2002). In the 

Motor Activity Log test, the participant is asked to answer how often he or she uses his or her 

affected upper limb in daily activities (i.e. turning on a light switch), in relation to the activities 

that were carried out in the previous week (Uswatte et al., 2006). A 0 to 5 Likert scale is used to 

quantify the amount of use of the affected upper limb (0 being “Did not use my weaker arm” and 

5 “Used my weaker arm as often as before the stroke”) as well as the quality of use of the 
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affected upper limb (0 being “The weaker arm was not used at all for that activity” and 5 “The 

ability to use the weaker arm for that activity was as good as before the stroke”). The scores for 

both the quantity and quality of use of the affected limb are averaged. All of these assessment 

tools were chosen because they had good psychometric qualities for a stroke population as 

shown in Table 1 (p. 27). 
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Table 1: Psychometric Qualities of the Clinical Tools used for Stroke Survivors 
 

 
Variable Measuring 

Tool 
Reliability Validity 

 
 

Manual dexterity Box and Block 
Test* 
(Mathiowetz et al., 
1985) 

Excellent test-retest 
reliability for affected (r = 
0.98) and non-affected 
hand (r = 0.93)  
(Chen et al., 2009) 
 
 
 

Excellent concurrent validity with 
the Action Research Arm Test 
(ARAT) (r = -0.80 and r = -0.71 for 
pre and post test respectively (Lin et 
al., 2010) as well as excellent 
convergent validity with the ARAT 
(r = 0.95)  
(Desrosiers et al., 1994) 
 
 

Motor recovery of 
the affected upper 
limb 

Fugl-Meyer 
Stroke Assessment 
(Gladstone et al., 
2002) 

 

Excellent Interrater  
(CCI= 0.86-0.99) and  
intrarater (0.98-0.99) 
reliability 
(Platz et al., 2005) 
 
Excellent Test-retest 
Reliability (CCI = 0.97). 
(Platz et al., 2005) 

Good construct validity with Barthel 
Index (r= 0.67) among chronic stroke 
survivors  
(Dettmann et al., 1987) 
 
Excellent criterion validity with 
Motor Assessment total scores  
(Malouin et al., 1994) 
 
 
 

Grip strength Jamar 
Dynamometer* 
(Peolsson et al., 
2001; Mathiowetz, 
2002) 
 

Excellent intrarater 
reliability (CCI = 0.86-
0.95)  
(Boissy et al., 1999) 
 
Excellent test-retest 
Reliability  
(ICC = 0.80-0.89) 
(Bertrand et al., 2007) 

Good construct validity with FMA  
(r= 0.84)  
(Boissy et al., 1999) 
 
 
 
 
 
 
 

Level and quality 
of use of the upper 
affected limb in 
activities of daily 
living 

Motor Activity 
Log 
(Uswatte et al., 
2005;  
Uswatte et al., 
2006) 

Excellent internal 
consistency (Cronbach’s 
alpha of 0.88) (Uswatte et 
al., 2006) 
 
Excellent test-retest 
reliability (r= 0.61-0.85) 
(van der Lee et al., 2004) 

Excellent concurrent validity with 
Stroke Impact Scale Hand Function 
scores (r = 0.72)  
(Uswatte et al., 2005) 
 
 
 
 
 
 

 

* May be compared to normative data 
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IV.1.2 Independent Variable 
 

The independent variable was the type of robotic intervention that the participant 

received (EA or HG) during a computerized pinball game. To do so, Prof. Milot’s team at the 

Research Centre on Aging developed a robotic hand device, called Timing Exerciser Orthosis 

(TEO). TEO was used in a preliminary study by Bouchard et al. (Bouchard et al., 2015) among 

healthy seniors (see Figure 1). 

 

Figure 1: Timing Exerciser Orthosis (TEO) 

 

 
 

Furthermore, modified algorithms from Milot et al.’s study (Milot et al., 2010) were used 

in order to apply the HG and EA trainings in the current thesis. The same algorithms were used 

in Bouchard et al.’s study (Bouchard et al., 2015). More precisely, during HG training, the 

participant’s timing errors were decreased by delaying or speeding up TEO’s activation. For 

example, if the participant flexed their wrist too early, TEO would delay its activation, in order 

to decrease the person’s timing errors. On the contrary, timing errors were increased during EA. 

To illustrate, if the participant activated his or her wrist too late, TEO would delay its activation 

to increase the person’s timing errors even more. 
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More precisely, t = 0 represented when the red ball fell on the computer screen. The 

following formulas represent TEO’s activation (TBP): 

 

1) TBP = TIP + DC 

a. TIP was the time in which the motor sensors recognized that the participant 

moved his or her wrist; 

b. DC was the programmed delay of when the participant made his or her wrist 

flexion, and that TEO moved.  

 

The following formula includes the values that are needed in order to succeed at hitting the 

targets:  

 

2) TBD = TID + DCD 

a. TBD was the time needed for TEO to move and have the ball bounce up to hit 

the target; 

b. TID was the time in which the participant should have flexed his or her wrist 

in order to be on time to hit the target; 

c. DCD was a time constant (500 ms). 

 

After, EP was equal to the participant’s timing error as to when he/she moved his or her wrist:  

3) EP = TIP – TID 

 

Next, EB was TEO’s timing error:  

4) EB = TBP – TBD = EP + DC –DCD 

 

Subsequently, it was expected that EB would be proportional to EP, where: 

5) EB = kEP 

a. k represented the EA gain. 

 

More precisely, a k value that was greater than 1 resulted in an increase in timing errors, 

and a k value that was smaller than 1 provided a decrease in timing errors. The idea behind 
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calculating the k value stemmed from the “Challenge Point Theory”, which states that optimal 

motor learning is achieved when the difficulty of the task is appropriate for the participant’s level 

of expertise, or in other words, when the challenge point has been reached (Guadagnoli and Lee, 

2004). Several studies have found that the difficulty of the task influences motor learning (Patton 

et al., 2006; Milot et al., 2010; Marchal-Crespo et al., 2013; Marchal-Crespo et al., 2014; 

Bouchard et al., 2015). Therefore, in this study, the initial skill level (the k value), was calculated 

for each participant in order to properly adjust the difficulty of the game to his/her skill for the 

task (Milot et al., 2010; Bouchard et al., 2015). To do so, it was ensured that all the participants 

experienced at least a 30 % success rate, as was done in previous studies (Milot et al., 2010; 

Bouchard et al., 2015). Participants that were more skilled at the timing task had a higher k 

value, and vice versa. 

 

Next, the substitution of equation #4 into equation #5 was performed, giving: 

 

6) DC = DCD + EP (k – 1)  

 

This formula established the delay between which the participant initiated his or her wrist 

movement and when TEO moved, which allowed the participant’s timing errors to be adequately 

increased (EA) and decreased (HG). 

IV.1.3 Dependent Variable  
 

The dependent variable was the participant’s absolute timing errors during the pinball 

task in milliseconds (ms), which was collected by TEO (the robotic hand), and calculated using 

the following formula and the LabVIEW ® software: 

 

EP = TIP – TID  

 

 

IV.1.4 Instrument 
 

TEO was used in order to apply the two training interventions (HG and EA). It had one 

degree of freedom, where the participant flexed his or her wrist in order to activate TEO. After a 
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small delay (500 ms), TEO would flex the person’s wrist (∼10 degrees) at a constant velocity and 

bring it back into place. This occurred for each trial. More details on the functioning of TEO can 

be found in the scientific article in this thesis (p. 45) (Bouchard et al., 2016). 

 

IV.2 Procedure 
 

IV.2.1 Timing Task 
 
 The timing task consisted of a pinball-like game. There were several phases in the timing 

task (see p. 32). 
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Figure 2: Phases of the Timing Task 

 

 
 

A. Demonstration  

 The participants were given a demonstration, where they could practice the task with one 

target and without any robotic intervention (HG or EA). This phase served to familiarize the 

participant with how to play the game, how to correctly activate TEO, and also to ensure that the 

participant’s arm was well positioned. 
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B. Baseline Phases 

Each participant underwent four baseline phases, which will be explained below.  

 

During Baseline 1, the k value was set to 0.20 for all participants, based on the findings from 

Bouchard et al.’s study (Bouchard et al., 2015), where they found that the maximal k value that 

was reached by healthy seniors was 0.11. Hence, it was reasonable to believe that senior stroke 

survivors would not have a k value higher than 0.20 and that providing them with a k value of 

0.20 during B1 would not influence their motor learning for the subsequent phases. Hence, 

during this phase, TEO helped the participant, but to a smaller extent as to what the participants 

would need to have a 30% success rate. Furthermore, lines were provided on the screen in order 

to help the participant know when to activate TEO e.g., when the red ball was in between the 

lines (see Figure 3). Three different coloured targets were seen on the computer screen (yellow, 

orange and blue), one at a time for each trial. 

 

Figure 3: Timing Task as Seen on the Computer Screen with the Lines 

 
* Only one target was presented at a time 

 

 

 After, Baseline 2 was given, which consisted of calculating the participant’s k value. 

There were 39 trials in this phase and the same three targets were present as in Baseline 1. 

However, there were no lines provided (see Figure 4, p. 34). When Baseline 2 was completed, 
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the participant’s timing errors were placed in an increasing order, where the 12th Ep value was 

selected, which corresponded to a 30% success rate. 

Figure 4: Timing Task as Seen on the Computer Screen without the Lines 
 

 
* Only one target was presented at a time 

 

During Baseline 3, five targets were present (one at a time), where the participant 

practiced according to the k value that was calculated in Baseline 2. For each target, participants 

practiced four times with the lines and four times without the lines, for a total of 40 trials.  

 

Finally, participants experienced Baseline 4, where they played according to their k value 

for all five targets during 40 trials and without helping lines. The results of this baseline were 

retained for statistical analysis in order to compare to the retention conditions following the EA 

and HG robotic training interventions. 

 

C. Haptic Guidance and Error Amplification Training Interventions 

 

During HG, the participant’s k value was decreased by 90% in order to decrease his or 

her timing errors, and help him or her hit more targets. The choice of varying the k value by 90% 

was based on the study by (Milot et al., 2010), which used the same percentage and found a 

significant difference in their participants’ performance between HG and EA. The opposite 
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occurred during EA, where the participant’s k value was increased by 90%, making the task 

more difficult. During both trainings, the participant trained with three targets (blue, yellow, and 

orange), which were each presented one at a time. Furthermore, 20% of the trials consisted of 

catch trials, where the difficulty level of the task was suddenly set back to the participant’s 

baseline k value, in order to maintain the participant’s full attention and prevent slacking, 

especially for the HG training (Milot et al., 2010; Bouchard et al., 2015). 

 

D. Retention 

 

After both EA and HG, a retention phase was given, which was identical to Baseline 4. 

This retention condition allowed the evaluation of the immediate impact of HG or EA on the 

improvement of movement timing, as well as the assessment of the generalization to untrained 

targets during HG or EA (pink and green targets) (see Figure 4, p. 34). 

 

IV.3 Sample Size Calculation 
 

 The sample size was calculated to answer the first objective. It was determined in 

Bouchard  et al.’s study (Bouchard et al., 2015) on healthy seniors that the minimal detectable 

difference between EA and HG was 3 ms with a standard deviation of 3 ms. Thus, considering 

an effect size of 1, a power of 80%, and using a statistical significance of 0.05, a total of 34 

participants were needed. Taking into account a possible attrition rate of 20%, 41 participants 

had to be recruited. G*Power 3.9.1.2 (Faul et al., 2007) was used to calculate the sample size, 

using a two-tailed t-test for independent groups. 
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IV.4 Ethical Considerations 
 

 

The Research Ethics Board of the CIUSSS de l’Estrie-CHUS approved the study on 

February 10th, 2015 (Project number 2015-481). The associated risks were minimized, since the 

participant only had to flex their wrist by approximately 10 degrees, and TEO proceeded to carry 

out their movements in turn. Also, a red stop button and stoppers were placed in order to limit 

TEO’s range of motion and to therefore maximize security (see Figure 1, p. 28). Furthermore, 

there were some inconveniences that the participant could experience, such as frustration, 

especially during the EA training, since TEO prevented the participant from hitting the targets. 

The participant could also experience fatigue, but breaks were provided in between the different 

phases in order to prevent it. 
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Chapter V: Scientific Article 
  

A Single robotic session that guides or increases movement error in survivors post-chronic 

stroke: which intervention is best to boost the learning of a timing task? 

 

Authors of the article: Amy E. Bouchard, Hélène Corriveau and Marie-Hélène Milot 

 

Auteurs de l’article: Amy E. Bouchard, Hélène Corriveau et Marie-Hélène Milot 

 

Article status: This is an Accepted Manuscript of an article published by Taylor & Francis in 

Disability and Rehabilitation on July 14th 2016, available online: 

http://dx.doi.org/10.1080/09638288.2016.1205151 

 

Statut de l’article: Le manuscrit présenté dans ce mémoire a été publié par Taylor & Francis 

dans le journal Disability and Rehabilitation, le 14 juillet 2016. Il est disponible en ligne à cette 

adresse: http://dx.doi.org/10.1080/09638288.2016.1205151 

 

Foreword: The recruitment of the participants, as well as the data collection, data analysis, and 

the writing of the scientific article were carried out by Amy E. Bouchard. The co-authors, whom 

were her research directors, provided their aid and corrections in order to fine-tune the article. 

Permission was obtained from the co-authors in order to publish the article in this thesis. 

 

Avant-propos: Le recrutement des participants, ainsi que la collecte des données, l’analyse des 

données et la rédaction de l’article scientifique ont été réalisés par Amy E. Bouchard. Les co-

auteures, qui sont les directrices de recherche de Amy E. Bouchard, ont apporté leur soutien et 

corrections pour le peaufiner. Les co-auteures ont autorisé que l’article soit publié dans ce 

présent mémoire. 
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Résumé de l’article scientifique 
 

Objet : Les déficits de timing dans la réalisation de mouvement peuvent limiter la fonction et 

avoir un effet négatif sur la vie des personnes ayant subi un accident vasculaire cérébral (AVC). 

Cependant, très peu d’études se sont attardés à étudier ce déficit chez l’AVC chronique, malgré 

son effet néfaste. L’objectif de cette étude consistait à évaluer l’impact d’une seule session 

d’entrainement par la réduction de l’erreur (RE) et l’augmentation de l’erreur (AE) dans le but 

d’améliorer le timing au membre supérieur chez l’AVC chronique. La relation entre le côté de la 

lésion cérébrale et la performance des participants durant la tâche de timing était aussi explorée 

pour chaque groupe. Méthode : Trente-quatre personnes ayant eu un AVC il y a plus de 6 mois 

étaient assignées aléatoirement à recevoir soit un entrainement RE ou AE. Les participants ont 

joué à un jeu simulé de machine à boules sur un écran d’ordinateur, où leur main atteinte était 

positionnée dans un robot. Durant RE, le robot aidait les participants à mieux performer à la 

tâche de timing, et durant AE, il nuisait. Une ligne de base et une phase de rétention précédait et 

suivait RE et AE, respectivement, dans le but d’évaluer leur capacité à améliorer leurs erreurs de 

timing. Résultats : Une amélioration dans la performance de timing a été notée seulement 

suivant l’entrainement par RE (p=0,032). De plus, les personnes ayant leur lésion cérébrale à 

gauche ont eu une détérioration de leur performance, mais seulement lors de l’entrainement avec 

AE (rpb=0.7, p=0,001). Conclusion : Entrainer les personnes ayant subi un AVC à réaliser une 

tâche de timing est bénéfique pour l’apprentissage moteur. Les études futures devraient explorer 

des entrainements par RE de plus longue durée pour promouvoir l’apprentissage moteur chez 

l’AVC chronique.  
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Abstract 

 

Purpose: Timing deficits can have a negative impact on the lives of survivors post chronic 

stroke. Studies evaluating ways to improve timing post stroke are scarce. The goal of the study 

was to evaluate the impact of a single session of haptic guidance (HG) and error amplification 

(EA) robotic training interventions on the improvement of post stroke timing accuracy. 

Materials and Methods: Thirty-four survivors post chronic stroke were randomly assigned to 

HG or EA. Participants played a computerized pinball-like game with their affected hand 

positioned in a robot that either helped them perform better (HG) or worse (EA) during the task. 

A baseline and retention phase preceded and followed HG and EA, respectively, in order to 

assess their efficiency at improving absolute timing errors. The impact of the side of the stroke 

lesion on the participants’ performance during the timing task was also explored for each training 

group. Results: An improvement in timing performance was only noted following HG (8.9 ± 4.9 

ms versus 7.8 ± 5.3 ms, p = 0.032). Moreover, for the EA group only, participants with a left-

sided stroke lesion showed a worsening in performance as compared to those with a right-sided 

stroke lesion (p  = 0.001). Conclusion: Helping survivors post chronic stroke perform a timing-

based task is beneficial to learning. Future studies should explore longer and more frequent HG 

training sessions in order to further promote post stroke motor recovery.  

 

Keywords: Stroke, timing, motor learning, robotic training, haptic guidance, error amplification 
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Implications for Rehabilitation 

• Timing is crucial for the accomplishment of daily tasks. 

• The number of studies dedicated to improving timing is scarce in the literature, even 

though timing deficits are common post stroke. 

•  This innovative study evaluated the impact of a single session of haptic guidance-HG 

and error amplification-EA robotic training interventions on improvements in timing 

accuracy among survivors post chronic stroke. 

•  HG robotic training improves timing accuracy more than EA among survivors post 

chronic stroke. 

 

Introduction 

 

Every year, more than 15 million people experience a stroke around the globe [1]. 

Among the vast range of resulting disabilities, 80% of survivors post stroke have problems with 

motor control [2] and more precisely with the temporal aspect of movement (e.g. timing), which 

is crucial for the accomplishment of daily tasks like reaching for an object [3-8]. Movement 

timing can be defined as the ability to properly activate the muscles at the correct moment [9]. 

Studies have reported that the timing of survivors post chronic stroke can be up to twice as long 

as that of the norm’s [8] or to their non-affected side [8, 10]. Despite the increased stroke 

survival rate in many countries [11, 12] it is estimated that only half of survivors post stroke fully 

recover their arm function [13, 14]. Thus it is very difficult for many of them to carry out 

everyday tasks such as getting dressed or cooking [15]. Luckily, after a stroke, motor learning is 

still possible, even at the chronic stroke stage [16]. 
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Robotic training is a rehabilitative tool that is being increasingly studied in order to help 

optimize post stroke motor learning [17]. Since intensity and repetition are key elements to 

consider in post stroke rehabilitation exercises, robotic training can help therapists to provide an 

optimal intervention by permitting a training that is more controlled, intense, and frequent [17]. 

As such, based on the theory of motor learning [18], two opposing robotic training paradigms 

have been studied: haptic guidance (HG) and error amplification (EA) [19-23]. HG consists of 

guiding a person’s limb to follow the desired trajectory, thereby reducing his or her errors [5, 24-

26]. It is hypothesized that HG can optimize motor learning by increasing the amount of 

proprioceptive [27] and somatosensory signals [28] that are required for movement planning 

[29]. On the other hand, EA consists of increasing the person’s movement errors in order to 

boost neuroplasticity and to stimulate motor learning [19, 22, 25, 30]. Studies have advocated 

that EA can promote the formation of an internal model of the movement that the motor system 

can use in subsequent movements to help improve motor learning [25, 31]. Consequently, studies 

have shown that a single session of EA can help make the motor learning process faster [30] and 

more complete [32].  

In the chronic stage of stroke, both HG and EA have been studied to mostly improve the 

spatial aspect of movement (e.g. direction of movement) [19, 20, 33] where, for example, it was 

found that a single session of EA helped improve reaching with the affected upper limb more 

than HG [19]. However, studies on the use of EA or HG robotic training sessions for improving 

timing accuracy among survivors post chronic stroke are lacking, even though a timing 

impairment can have a detrimental impact on the functional performance of survivors post stroke 

[6, 8]. However, in both healthy young individuals and seniors, HG and/or EA robotic training 

sessions have been found to significantly improve timing accuracy during both single-joint 
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training [25, 34, 35]  and multi-joint training [5, 29, 36-39]. As such, Milot et al. [25] evaluated 

the impact of a single session of HG and EA robotic interventions on timing accuracy in young 

healthy participants. The authors found that both types of training improved timing accuracy, but 

the efficacy of each training type was influenced by the participants’ initial skill level during the 

timing task. More specifically, HG helped those that were less skilled at the task and EA helped 

those that were more skilled at the task. Using a similar training paradigm, Bouchard et al. [34] 

noted that in healthy seniors, a single session of HG was beneficial to learning a timing task, as 

compared to a single session of EA training. Furthermore, a relationship between the seniors’ 

change in timing accuracy following EA robotic training and age was noted (r = 0.59, p = 0.004), 

where the older the participants were, the more EA deteriorated their timing accuracy. Since it 

seems that  a single session of HG and EA can improve timing in healthy participants, and 

considering that no study has directly compared the efficacy of these two types of robotic 

training interventions on improving post stroke timing, particulary among survivors post chronic 

stroke, this was the goal of the present study.  

Based on Bouchard et al.’s study on healthy seniors [34] that showed that only HG was 

beneficial to learning timing, and because survivors post chronic stroke, like seniors, have a 

slower timing [8], it was hypothesized that HG would help survivors post chronic stroke improve 

their timing more than EA. In addition, knowing that the left side of the brain is suggested to be 

primarily responsible for processing timing [40], a secondary objective explored the impact of 

the side of the stroke lesion on timing accuracy, where it was expected that participants who had 

a stroke on the left side of their brain would have a poorer accuracy on the timing task, especially 

if training with EA.  
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Materials and Methods 

 

Participants 

 

The sample size was determined based on the study by Bouchard et al. [34], where the 

authors found that the smallest detectable difference between a single session of HG and EA 

robotic intervention was 3 ms  ± 3 ms. Considering an effect size of 1 with a power level of 80%, 

and a p value of 0.05, 17 participants per group were required. Thus, thirty-four survivors post 

chronic stroke participated in this study. In order to join the study, they had to meet the following 

criteria: 1) be at least 50 years of age; 2) be able to painlessly flex their affected wrist at least 10 

degrees; 3) be in the chronic stroke stage (≥ 6 months); 4) be right-handed before their stroke 

(Edinburgh Handedness Inventory) [41], since hand dominance has been found to have an 

impact on timing ability [3]; 5) have finished any rehabilitation treatment. The exclusion criteria 

consisted of: 1) a significant spasticity of the affected wrist and fingers (≥ 3 on the Modified 

Ashworth Scale [42]; 2) a high sensory deficit (a score ≤ 25 on the Nottingham Sensory 

Assessment [43]; 3) presence of hemi neglect (more than 70% of un-marked lines on the same 

side as the motor deficit on the Line Cancellation Test [44]; 4) presence of apraxia (a score > 2.5 

on the Alexander’s Test [45]; 5) any attention/concentration/vigilance difficulties (a score ≥ 1 

(question 1) or a score of 3 (question 9) on the NIH Stroke Scale [46]; 6) any neurological 

impairment other than the stroke. Furthermore, the Health and Social Services Centre-University 

Institute of Geriatrics of Sherbrooke ethics committee approved the study and written consent 

was obtained from all participants.  
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After confirming their eligibility, participants underwent a clinical assessment to gather 

socio-demographic information as well as behavioural characteristics. For the latter, the 

Modified Ashworth Scale was used to evaluate spasticity of the affected upper limb (normal =0) 

and the Fugl-Meyer Arm Motor Scale (FMA) was utilized to assess motor function of the 

affected upper limb (normal = 66). Furthermore, the Box and Block Test was used to assess 

manual dexterity (number of blocks that can be picked up and dropped in 60 seconds) and the 

Motor Activity Log indicated the participants’ self-rated amount and quality of use of their 

affected upper limb in daily activities (normal = 5). Finally, grip strength was measured with a 

JAMAR® dynamometer (average of three trials in kilograms). After completion of the clinical 

assessment, a simple randomisation was used to assign participants to the HG (n = 17) or EA (n 

= 17) training groups (see Figure 1). 

 

Timing Exerciser Orthosis (TEO) 

 

The HG and EA training interventions were carried out by Timing Exerciser Orthosis 

(TEO), a robotic device that was used previously in Bouchard et al.’s study on healthy seniors 

[34]. In short, TEO allows a 10-degree flexion/extension of the left/right wrist, and is actuated by 

a Dynamixel MX-106 servomotor (Robotis Inc, USA), sampled at 1000 Hz (see Figure 2). In 

order to precisely identify the beginning of the task (the appearance of a red ball at the top of a 

computer screen), a white dot appeared at the bottom right corner of the computer screen 

simultaneously as the red ball fell. The white dot was then detected by a photodiode (BPW21R, 

Vishay, Germany). An acquisition card (National Instruments, USA) recorded the data from the 

servomotor and the photodiode, which was sampled at 5000 Hz. The participant’s affected hand 
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was fixed to the hand unit of the robot using Velcro® straps, and his or her forearm was also 

stabilized to the robot frame for comfort. Furthermore, during each trial, participants’ fingers 

touched a red button, which allowed them to experience sensory feedback (see Figure 1). 

 

Timing Task 

 

The timing task, consisting of a simulated pinball-like game, was chosen to ensure that 

the participants were not familiar with the task, in order to have a better assessment of learning 

following EA and HG. The timing task was slightly modified from the Bouchard et al. study [34] 

in order to include practice sessions with visual cues in the form of yellow lines shown on the 

computer screen. These lines indicated the correct moment in which to activate TEO (when the 

red ball was between the two yellow lines). These practice sessions were included in order to 

ensure that all participants fully understood the task before being introduced to HG or EA.  

Participants were seated in front of a computer screen, where a red ball fell downwards 

towards a blue flipper (see Figure 1). Their goal was to hit as many targets as possible by 

activating TEO in time (with an approximate torque of 0.5 Nm). To do so, participants had to 

flex their wrist at the right moment (with a timing accuracy of 4 ms). If the participants did so on 

time, a blue flipper allowed the red ball to bounce upwards and hit the target. Visual feedback 

was provided after each trial, depending on when the participants activated the robot (e.g. 

“Wow! Just on Time!; “Too Early! Hit Later!”, etc.). After a target was hit, the participants 

earned a point, where their score could be seen on the top left side of the computer screen. It is to 

be noted that the targets were randomly presented one at a time, with a maximum of five 
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different targets, each having a different color (1 = yellow; 2 = pink; 3 = orange; 4 = green; 5 = 

blue). 

 

 

 

Phases of the Timing Task 

 

Baseline Phases 

Four baseline (B1, B2, B3, B4) phases were introduced before the participants received 

the robotic training interventions (see Figure 2). B1 served to familiarize the participants with the 

task. B2 was used to calculate the participants’ initial skill levels, called k values, since the initial 
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skill level can affect timing accuracy [25]. It is to be noted that the higher the k value was, the 

better the participants’ timing accuracy was (for more details on the calculation of the k value, 

see Bouchard et al., 2015 [34]). B3 allowed the participants to practice knowing when to activate 

TEO at the correct moment using visual cues, while playing at an adjusted game difficulty. After, 

B4 was played according to the participants’ k value, without any visual cues.  

 

HG and EA Training Phases 

Participants received either HG or EA where their k value was decreased or increased by 

90%, respectively, in order to decrease or increase their timing errors. A 90% change in k value 

has been found to adequately create significant differences in timing errors between HG and EA 

[25, 34]. For example, during HG, if the participants initiated their wrist flexion too early, the 

activation of TEO was delayed in order to decrease the participants’ timing errors. During EA, if 

the participants initiated their wrist flexion too late, the activation of TEO was delayed in order 

to increase the participants’ timing errors. It is to be noted that 20% of the trials during HG or 

EA were catch trials, where the participants’ k value unexpectedly returned to the value 

calculated in B4, in order to keep the participants’ attention, especially for the HG robotic 

training. Also, a one-minute break was provided to the participants after 45 trials (see Figure 2).  

 

Retention Condition Phases 

After HG or EA, the participants received a retention condition (RC), identical to the B4 

phase, which was used to evaluate the immediate impact of the HG and EA training sessions on 

timing accuracy (see Figure 2). If needed, breaks were provided to the participants between the 

different phases. 
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The participants’ absolute timing errors (in ms) during B4 and the RC phases were 

retained for statistical analysis. Furthermore, since these phases contained all 5 targets, as 

opposed to HG and EA training that contained only 3, they allowed the evaluation of the task’s 

generalization to untrained targets (pink, green). 
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Statistical Analysis 

 

The participants’ absolute timing errors (Ep) were calculated using the LabVIEW™ 

software and the following formula:  

 

Ep = Tip – Tid 

 

Here, Tip was the time in which TEO’s motor sensors detected the participants’ wrist flexion; 

Tid was the ideal time in which the participants would have needed to flex their wrist in order to 

hit the target (for more details on the algorithms, see Milot et al., 2010 [25]).   

 

For each phase, the participants’ absolute timing errors were calculated for each trial and 

then averaged. The Shapiro-Wilk test revealed non-normality of the data for the absolute timing 

errors of the B4 and RC phases. Thus, a log transformation was applied. A paired-samples t test 

was used to compare the first and last 10 trials of B4 in order to assess whether the participants 

reached a learning stability before receiving the HG or EA robotic training. Another paired-

samples t test was used to evaluate whether providing the participants with HG or EA 

significantly decreased or increased their timing errors as compared to their B4 phase.  

 

In order to ensure that both groups were comparable at baseline regarding their 

demographic and behavioural characteristics, as well as their baseline timing accuracy, an 

independent samples t test was used. To evaluate each robotic training’s efficacy on the 

improvement in timing, a paired-samples t test was used to compare the mean absolute timing 
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errors of B4 and the RC, followed by an independent samples t test to compare the change in 

timing accuracy between both groups. Within each training group, paired-samples t tests were 

also used 1) to evaluate whether participants slacked during their training by comparing the mean 

absolute timing errors of B4 to those of the catch trials during the HG or EA robotic training; and 

2) to assess the generalization of performance to untrained targets by comparing the mean 

absolute timing errors of the pink and green targets of the B4 and RC phases. Finally, for each 

training group, a Wilcoxon rank-sum test was used to evaluate the impact of the side of the 

stroke lesion on the change in the participants’ timing accuracy during the task. Significance was 

set at 0.05 using one-tailed tests. All statistical analyses were performed with IBM SPSS® 

version 23.  

 

Results 

 

Success Rate  

 

During B1, the mean success rate of the entire group was equal to 9.3 ± 8.0 %, and after 

adjusting for the k value, the mean success rate reached 32 ± 20 % in B4. The success rates for 

the EA and HG RC’s were 31.2 ± 20.8 % and 31.2 ± 23.6 %, respectively. Thus, adjustment of 

the k value to allow a 30% success rate at B4 and RCs was adequate. 

 

 

 

 



 
 

 

52 

Learning Stability 

 

There was no significant difference between the first and last 10 trials of the B4 phase (9.3 ± 5.7 

ms vs. 9.1 ± 5.1 ms; t(33) = -0.039, p = 0.49), which meant that the participants had reached a 

learning stability before they received their robotic training. 

 

Introduction to HG and EA Robotic Training 

 

For the HG group, when introduced to HG, the participants’ timing errors decreased from 

8.2 ± 3.5 ms in B4 to 0.9 ± 0.5 ms in HG (t(16) = 20.1, p = 0.00). For the EA group, the 

participants’ timing errors increased from 9.9 ± 6.4 ms in B4 to 19.1 ± 11.1 ms in EA (t(16) = -

6.194, p = 0.00). This means that both types of robotic training allowed a significant decrease or 

increase of the participants’ timing errors. 

 

Comparison of the HG and EA Groups at Baseline 

 

As shown in Table 1, participants in the EA and HG groups were comparable in regards 

to their socio-demographic and behavioural characteristics, as well as their baseline timing 

accuracy, except for their upper limb scores on the Modified Ashworth Scale. As such, a 

significant difference between both groups was noted for spasticity of the wrist and thumb 

flexors, with a trend for the elbow and finger flexors. However, on average, both groups had a 

spasticity score close to zero, so both groups could easily move their affected wrists in order to 

adequately perform the timing task.   
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Table 1: Baseline Characteristics for the Haptic Guidance and Error Amplification Groups 

†Chi-Square Test 

 Haptic Guidance 
Group (n = 17) 

Error Amplification 
Group (n = 17) 

p Value 

Socio-demographic Characteristics 

Age (Years) 67 ± 7 67 ± 6 0.44 

Months since Stroke  63 ± 54 78 ± 64 0.23 

Side of Stroke Lesion (Right/Left) 9/8 7/10 0.25† 

Behavioral Outcomes 

Fugl-Meyer Arm Motor Scale  

Upper limb score (/66) 63 ± 8 60 ± 10 0.21 

Distal (Hand/Wrist) subscore (/24) 23 ± 4 22 ± 4 0.22 

Box and Block Test (# blocks in 60 s) 

Affected Hand 42 ± 13 37 ± 13 0.18 

Non-affected Hand 48 ± 7 47 ± 7 0.25 

Motor Activity Log 

Amount of use (max = 5) 4.4 ± 1.2 4.2 ± 1.3 0.34 

Quality of use (max = 5) 4.2 ± 1.2 4.0 ± 1.3 0.35 

Modified Ashworth Scale (normal = 0) 

Elbow Flexors 0.2 ± 0.4 0.5 ± 0.8 0.06 

Wrist Flexors 0.1 ± 0.2 0.4 ± 0.5 0.007 

Fingers Flexors 0.1 ± 0.2 0.4 ± 0.7 0.06 

Thumb Flexors 0.0 ± 0.0 0.3 ± 0.5 0.008 

Grip Strength (kg) 

Affected Hand  28± 11 24 ± 8 0.18 

Unaffected Hand  31 ± 11 31 ± 8 0.46 

Baseline Timing Errors   

Mean Absolute Timing Errors at Baseline 4 (ms) 8.9 ± 4.9 9.5  ± 5.3 0.44 
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Efficacy of HG and EA on the Timing Task 

 

For the HG group, a significant improvement in timing accuracy was noted after 

receiving the HG training (see Table 2). In addition, the evaluation of the participants’ absolute 

timing errors during the catch trials revealed that they remained alert throughout the HG training, 

as no significant difference was noted between the absolute timing errors of B4 when compared 

to the catch trials during the HG robotic training (8.9 ± 4.9 ms vs. 9.2 ± 7.3 ms; t(16) = 1.01, p = 

0.17). However, the results showed that training with HG did not translate into an improvement 

in timing accuracy to untrained targets (8.7 ± 5.1 ms in B4 vs. 8.6 ± 5.7 ms in RC; t(16) = 0.636, 

p = 0.27).  

 

For the EA group, there was no change found in the participants’ timing accuracy after 

they received the EA training. Like the HG group, participants remained alert while training with 

EA (9.6 ± 5.2 ms in B4 vs. 10.3 ± 8.2 ms in EA training, t(16) = 0.034, p = 0.49) and no 

generalization of performance to untrained targets was found (9.6 ± 5.6 ms in B4 vs. 9.1 ± 5.1 

ms in RC; t(16) = 0.329, p = 0.38) (see Table 2). 

 

A between groups comparison on the change in timing accuracy revealed a significant 

difference between the two groups, in favor of the HG robotic training. This means that training 

with HG improved post stroke timing accuracy better than training with EA (see Table 2). 
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Table 2: Changes in Absolute Timing Errors Following a Single Session of HG and EA Robotic Training 
Interventions for the Haptic Guidance and Error Amplification Groups 
 

 Absolute Timing 
Errors (ms) 

pa Value pb Value Effect Size 95% 
Confidence 
Interval† 

 Pre Post     

Haptic Guidance 
Group (n = 17) 

8.9 ± 4.9 7.8 ± 5.3 0.032  
0.04 

 
0.62 

 
-1.2 to 4.3 

Error Amplification 
Group (n = 17) 

9.5 ± 5.3 9.9 ± 6.7 0.45 

a: within group comparison 
b: between group comparison 
† on the difference in the effect of the interventions  

 

Effect of the Side of the Stroke Lesion on the Timing Task 

 

For the HG group, the side of the stroke lesion had no impact on the accuracy of the 

timing task (Ws = 73, p = 0.22). On the other hand, for the EA group, a significant difference 

between the change in timing accuracy and the side of the stroke lesion was noted (Ws = 33, p = 

0.001) (see Table 3).  In other words, EA robotic training was more detrimental to learning the 

timing task if the stroke lesion was in the left hemisphere, as shown by an increase in the 

absolute timing errors from 7.1 ± 3.3 ms in B4 to 10.1 ± 6.8 ms in the RC, as opposed to a 

decrease in the absolute timing errors from 13.0 ± 5.8 ms in B4 to 9.8 ± 7.1 ms in the RC for 

participants that had a right-sided lesion. 
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Table 3: Impact of the Side of the Stroke Lesion on the Changes in Performance at the Timing Task for 
the Haptic Guidance and Error Amplification Groups 
 

 Haptic Guidance  
Group  

p* Value Error Amplification 
Group  

p* Value 

 R L  R L  

Change in Absolute 
Timing Errors (ms) 

-2.4 ± 4.6 0.23 ± 5.3 0.22 -3.2 ± 2.6 3.0 ± 4.3 0.001 

R = Right-sided stroke lesion; L =Left-sided stroke lesion 
A negative value is towards an improvement in timing accuracy 
*Wilcoxon rank-sum test 

 

 

Discussion  

 

 This study demonstrated that a single session of HG robotic training significantly 

improved the absolute timing errors of survivors post chronic stroke, as opposed to EA robotic 

training. Moreover, when addressing the side of the stroke lesion, EA robotic training worsened 

the timing accuracy for participants with a left-sided stroke lesion. 

  

The fact that a single session of HG helped improve the timing errors of the current 

survivors post chronic stroke supports other studies that used HG robotic training interventions 

for a timing task among healthy individuals [5, 25, 34, 39], especially for the seniors in Bouchard 

et al.’s study [34]. It is possible that the current stroke participants benefited more from HG like 

the healthy seniors did, since they were well recovered from their stroke (mean FMA score = 

63/66) and they were part of a similar age group (mean age of 67 for the current stroke 

participants and 68 for the healthy seniors). Also, for a stroke population, the current results 

support other studies that have found benefits of HG robotic training for a spatial task [21, 23]. 
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For example, using a 3-week HG robotic training intervention, the study by Takahashi et al. [23] 

reported a 7-point gain on the FMA after their participants trained with a hand grasp-release 

robot. Although the present study only looked at the immediate impact of a single session of HG 

training on timing improvement, it could be hypothesized that longer HG practice sessions could 

translate into significant improvements in motor recovery as well, based on the fact that studies 

have used HG for extended periods of time in order to improve the spatial aspect of movement 

post stroke. Guiding the affected limb of a survivor post stroke is common practice in clinical 

settings in order to promote motor recovery. Yet, as mentioned above, it is mostly used to 

improve the spatial aspect of a movement. Knowing that an improvement in timing accuracy was 

found following single-joint HG training among mildly-impaired survivors post stroke in this 

study, guidance by clinicians or simple robotic devices could be further exploited to improve the 

temporal execution of movement post stroke and to allow a more complete motor recovery. 

These points remain to be further investigated.  

 

The fact that no change in timing accuracy following EA robotic training was noted does 

not support other studies on survivors post chronic stroke that used either single or multiple 

training sessions [19, 20]. For instance, Patton et al. [19] found that a single session of EA 

robotic training was better than HG robotic training or no force field in order to improve the 

trajectory of a reaching task with the affected upper limb, which was further supported by 

another study [20]. To explain, it has been suggested that EA robotic training may help ignite 

motor pathways that are non-excitable in survivors post chronic stroke [32], or it may make 

errors more noticeable to the motor system by increasing the signal-to-noise ratios for sensory 

systems [22]. The deviation of the current results with the ones of Patton et al. [19] could stem 
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from the fact that different types of tasks were practiced. Indeed, Patton et al.’s study explored a 

multi-joint EA robotic training for a spatial task, which differed from the single-joint EA robotic 

training for a temporal task that was used in this study. As a result, the current timing task 

required a rapid execution in order to succeed and the participants only experienced some visual 

feedback to allow them to realize that they were too late or too early at the task, instead of 

obvious movement deviations from a desired pathway, such as in the practice of a reaching task 

with EA. Thus, for tasks that are more difficult to demonstrate, HG might be more beneficial for 

learning [39]. In addition, when dividing participants based on the side of their stroke lesion, 

those with a left-sided lesion experienced a worsening of their timing accuracy following the EA 

robotic training. This supports the findings that the left side of the brain may be responsible for 

processing timing [6, 40]. Hence, it would be logical to expect that survivors post chronic stroke 

with a lesion in the left hemisphere would have more difficulty with the timing task in this study. 

Also, for a similar timing task, EA robotic training was found to deteriorate timing accuracy in 

healthy seniors [34] like in this current study. Thus, as stated in Wei et al.’s study [32], which 

compared three different magnitudes of EA on the learning of a visuo-motor distortion task in 

healthy individuals, providing too much EA could prevent adaptation and motor learning. 

Therefore, providing EA to survivors post chronic stroke, especially those with a left-sided 

stroke lesion that already have difficulty processing timing, would only worsen their motor 

learning.   

 

Regarding generalization to untrained targets, the current survivors post chronic stroke, 

like healthy seniors [34], did not generalize their performance to the untrained targets after they 

received a single training session of HG or EA. It has been shown that generalization may be 
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hindered for participants who rely too much on robotic training [47]. Yet, the results of this study 

demonstrated that survivors post chronic stroke did not slack while they performed the catch 

trials during the HG and EA robotic training sessions, meaning that their timing errors did not 

significantly change when the robotic help was unexpectedly removed. One explanation could 

come from the study by Milot et al. [25] on young healthy participants, where the authors noted, 

using a similar pinball-like timing task, a generalization to untrained targets after EA robotic 

training, while a trend for generalization was found for the HG robotic training. The authors 

suggested that this was perhaps a result of the participants’ motor systems creating an internal 

model for the timing task, which allowed generalization to untrained targets. However, the 

literature suggests that the creation of an internal model requires errors [26, 31]. Since the 

survivors post chronic stroke had a mean k value of 0.05, which was close to zero (meaning that 

a complete robotic guidance was provided), it could be thought that varying the participants’ k 

value by 90% during the training sessions did not allow them to experience a wide enough range 

of timing errors in order to properly form an internal model of the task that may have been 

needed in order for generalization to occur. This incomplete internal model formation could also 

relate to the fact that motor adaptation is impaired post stroke [19] and therefore providing 

longer training sessions with HG and EA may help promote generalization of performance. 

 

Limitations  

 

Since this is the first study that seems to have directly compared HG and EA training 

sessions with the goal of improving the accuracy of a timing task for survivors post chronic 

stroke, the possibility of comparing the current results with those of other studies is restricted. As 
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previously mentioned, the participants were well recovered from their stroke, thus the results 

cannot be generalized to survivors post chronic stroke that have a lower motor recovery. Would 

HG training be as beneficial to learning for more severely affected survivors post chronic stroke? 

This question is worth addressing, as many severely affected survivors post chronic stroke have 

difficulty performing everyday tasks. In addition, because this study evaluated the impact of a 

single robotic training session with HG or EA on timing accuracy, it does not address whether 

the change in timing accuracy following HG robotic training was maintained over time, or if the 

observed gain was clinically significant. It would be highly worth exploring in future studies 

whether longer training sessions of HG and/or EA could allow survivors post chronic stroke to 

experience better gains that could significantly impact their everyday lives, as in some other 

studies [22, 23]. Also, for the impact of the side of the stroke lesion on performance of the timing 

task following EA, it could be thought that, for this group, the fact that more participants had a 

left-sided stroke lesion may have influenced the results. However, when analyzing the data, the 

seven participants with a right-sided stroke lesion all showed an improvement in their timing 

accuracy, whereas for participants with a left-sided stroke lesion, eight out of 10 participants had 

a worsening of their performance. With such a difference in response to EA training between 

participants with a right and left-sided stroke lesion, we believe that the significant difference 

that was obtained in the participants’ performance at the timing task is due to the impact of the 

side of the stroke, and not from the fact that three extra participants had their stroke on the left 

side. However, future studies should validate the present results with a greater sample size. 

Moreover, TEO only allowed a single-joint training of flexion/extension of the wrist, so it did 

not help enhance movement in other directions or joints (e.g. elbow, shoulder, etc.), which are 

essential for use in everyday life [19], thus limiting the generalization of these results to multi-
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joint HG and EA robotic training sessions. Finally, future studies should consider adding a 

control group to better assess the efficacy of the HG and EA robotic training interventions on 

post stroke timing accuracy.  

 

Conclusion 

 

The results of this innovative study have demonstrated that HG robotic training helps 

improve the immediate timing accuracy of survivors post chronic stroke, and that the side of the 

stroke lesion can influence timing accuracy following EA training. Knowing that timing deficits 

can have a detrimental impact on the performance of daily activities, more studies need to be 

carried out in order to help optimize post stroke motor recovery and to provide more 

individualized treatments to survivors post chronic stroke.  
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Chapter VI: Discussion 
 

Many individuals that had a stroke have difficulty performing everyday tasks due to 

problems with their movement timing. Robotic training by HG and EA is being more and 

more studied to help improve motor learning for these individuals. However, most studies 

have focused on improving the spatial aspect of movement and not the temporal one, even 

though the latter is crucial for an adequate execution of movement. Even among healthy 

participants, a small number of studies have focused on improving timing (Milot et al., 

2010; Moreno et al., 2013; Zanotto et al., 2013; Bouchard et al., 2015). The main aim of 

the present study was to evaluate and compare the efficacy of HG and EA on the immediate 

improvement of timing accuracy of a chronic stroke population, since no study has 

appeared to have done so. The secondary objective consisted of exploring whether there 

was a relationship between the side of the stroke lesion and the timing accuracy following 

HG and EA, knowing the involvement of the left hemisphere in processing timing. When 

including all 34 participants, it was found that HG significantly helped improve timing 

accuracy, whereas EA made no difference for the participants. Furthermore, when looking 

at the side of the stroke lesion, both right and left sided individuals seem to benefit equally 

from HG. On the other hand, for EA, having a left sided lesion seems detrimental to 

learning as opposed to a lesion in the right hemisphere.  

 

VI.1 Impact of Haptic Guidance on Motor Learning of Timing  
 

The results of the present study suggest that HG may be the better robotic training 

to use when attempting to improve the immediate timing of individuals that had a stroke. 

Hence, this study further supports the use of guidance as a rehabilitative treatment to 

improve learning after stroke, as currently done so in clinical settings. The results are also 

in line with other studies that found benefits of HG training among healthy individuals 

(Marchal Crespo and Reinkensmeyer, 2008; Milot et al., 2010; Lüttgen and Heuer, 2013; 

Bouchard et al., 2015), especially with the study by Bouchard  et al. (Bouchard et al., 

2015) on healthy seniors. One possible reason to explain why HG helped improve timing 
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among individuals that had a stroke could be that the current participants had a slower 

processing of information, not only due to normal aging, like healthy elders, but also due to 

the fact that their stroke-affected cortico-spinal tract is less excitable (Nardone and Tezzon, 

2002; Cicinelli et al., 2003; Kido et al., 2004; Kisiel-Sajewicz et al., 2011; Fujiyama et al., 

2012). Taken together, this may help explain why training the participants with HG helped 

improve their motor learning more than EA. Additionally, the current results support other 

studies that found benefits of HG robotic training for a spatial task (e.g. reaching tasks), 

among a stroke population (Takahashi et al., 2008; Squeri et al., 2009).  

 

Although some of these studies only looked at the immediate impact of a single 

session of HG training on timing, such as in the current thesis, more frequent and longer 

HG practice sessions could be expected to yield greater improvements in motor recovery 

and function. For instance, the study by Takahashi et al. found significant improvements in 

hand function when individuals that had a stroke in the chronic phase received HG training 

for several weeks (Takahashi et al., 2008). More specifically, there was a group that 

received HG for 3 weeks and the other received HG for 1.5 weeks (they received 

conventional physical therapy for the remaining 1.5 weeks). The results showed that the 

group that received the HG for the entire 3 weeks had a gain of 9 points on the FMA, 

whereas the group that received the HG for only 1.5 weeks had a gain of 5 points on the 

FMA. In addition, the study by Marchal-Crespo et al. found long term retention 1 week 

after healthy seniors participated in a steering wheel task using HG, for those that were less 

skilled at the task (Marchal-Crespo et al., 2010). Although the participants in Marchal-

Crespo et al.’s study were healthy seniors, it is logical to believe that individuals that had a 

stroke could also benefit from HG training in the long-term since motor learning is possible 

after a stroke (Teasell et al., 2012; Takeuchi and Izumi, 2013; Teasell et al., 2014) and that 

intensity and repetition are key elements for post stroke treatment gains (Norouzi-Gheidari 

et al., 2012; Lindsay et al., 2013; Takeuchi and Izumi, 2013).  

 

VI.2 Impact of EA on Motor Learning of Timing  
 

Training with EA made no difference on the timing accuracy of the stroke survivors 

as a whole. This does not support other studies on individuals that had a stroke, which 
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found improvements for the spatial component of movement (trajectory of reaching tasks) 

following EA training (Patton et al., 2006; Cesqui et al., 2008). To illustrate, the study by 

Cesqui et al. (Cesqui et al., 2008) found that the efficacy of EA depended on the stroke 

survivors’ level of motor recovery. In other words, participants with the best motor 

recovery (Chedoke McMaster Stroke Assessment score of 5-6/7), benefited from EA as 

opposed to participants with less motor recovery (Chedoke McMaster Stroke Assessment 

score of 3-4/7).  Yet, the current results are in line with the study of Bouchard et al. on 

healthy seniors, where EA and HG were compared for the same pinball timing task as in 

the present thesis (Bouchard et al., 2015). In addition, no significant difference in timing 

accuracy was found following training with EA (Bouchard et al., 2015). The fact that the 

stroke participants in this present study had an excellent motor recovery (average FMA = 

61/66) as well as a similar age group as Bouchard et al.’s study (mean age of 67 for the 

individuals that had a stroke vs. 68 for the healthy elders), could help explain why they 

responded similarly to EA like the healthy seniors. 

 

 In addition, it is to be noted that in this thesis, no true EA was provided. More 

specifically, increasing the participants’ k values by 90% during EA did not translate into a 

k value higher than one. This was also the case for the study of Bouchard et al. in healthy 

seniors (Bouchard et al., 2015). It could be thought that for a timing task, were the 

movement errors are smaller than directional movement errors of a reaching task, a higher 

amount of errors during training could be required to excite motor pathways that are 

otherwise non-excitable after a stroke (Wei et al., 2005) in order to promote learning 

following EA. Also, based on the positive results of visual distortions on motor learning 

after stroke (Wei et al., 2005), perhaps adjusting the difficulty of the pinball task by 

altering the speed of the falling ball or modifying the size of the targets during EA could 

have translated into significant improvements in learning following EA. However, by doing 

so, as stated in Milot et al.’s study (Milot et al., 2010), two variables would have been 

changed (graphics and game difficulty) instead of only one (game difficulty), which would 

have added a possible confounding factor on motor learning.  Nonetheless, during EA, the 

participants did experience an increase in their timing errors as compared to their baseline 

performance, in this present study.  
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VI.3 Impact of the Side of the Stroke Lesion and Motor Learning of Timing   
 

The relationship between the side of the stroke lesion and timing accuracy was 

explored for each training condition. No relationship between these two variables was 

found for participants who received the HG training, suggesting that HG training may help 

improve individuals that had a stroke timing accuracy, regardless of the side of their stroke 

lesion. Yet, a worsening of timing accuracy of 3 ms (7.1 ± 3.3 ms in B4 to 10.1 ± 6.8 ms in 

RC) was found for those who had their lesion on the left side following EA training. This 

fact supports the idea that providing EA can overwhelm the motor system with too much 

information to proceed (Milot et al., 2010), especially for a left-sided stroke lesion where 

the process of timing seems to occur (Kwon et al., 2007; Freitas et al., 2011), thus 

hindering learning. Interestingly, for participants whose lesion was on the right side, they 

had a 3 ms improvement in timing accuracy (13.0 ± 5.8 ms in B4 to 9.8 ± 7.1 ms) after EA, 

which was greater than the overall improvement of approximately 1ms following HG.  It 

seems that EA robotic training is beneficial to learning timing, but to a subset of stroke 

survivors. This emphasizes the importance of providing a personalized training, in order to 

ensure that the individual that had a stroke receives the correct intervention that is needed 

in order to maximize his or her motor recovery, and improve his or her daily life to the 

fullest.  

 

VI.4 Clinical Impact 
 

Whether the findings of this study have a significant clinical impact remains to be 

addressed. For example, does a 3 ms improvement in timing accuracy really make a 

significant change in a chronic stroke survivor’s life? Will it help him or her perform 

essential daily activities such as eating or getting dressed? It seems that no other studies 

have evaluated EA and HG trainings to improve the temporal component of movement 

among individuals that had a stroke, so the results of this study cannot be directly compared 

to those of other studies. In addition, up to now, studies have only evaluated changes in 

performance of trained tasks without looking at the impact of EA and/or HG on changes in 

motor function or functional performance after stroke to assess any clinical impact of such 
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robotic training. Future studies should investigate the effects of more frequent and longer 

training sessions of HG, and perhaps EA training to those with a right-sided lesion. If 

proven effective in the long run, as there is increasing evidence that non-invasive brain 

stimulation (e.g. transcranial direct current stimulation) may maximize motor recovery 

among stroke survivors, this neurostimulation tool could be combined to HG or EA to 

boost motor learning (Dobkin and Dorsch, 2013).  Furthermore, it is reasonable to believe 

that the long-term benefits in functional performance of longer HG training sessions could 

translate into increased social participation, knowing that physical performance has been 

shown to improve the social participation among individuals that had a stroke (Mayo et al., 

2015; Obembe and Eng, 2016).  

VI.5 Limits and Strengths 
 

Firstly, only stroke survivors with a certain level of motor recovery were able to 

participate in this study (FMA > 35/66) and the recruited participants had an average FMA 

score of 61/66, which was very close to a normal motor function. Thus, the results of this 

study cannot be generalized to other individuals that had a stroke who have a weaker motor 

recovery, thus limiting the external validity of this study. Moreover, TEO only focused on 

the affected wrist. Since everyday movements usually imply multiple joints (e.g. elbow, 

shoulder, etc.), future studies should try to improve timing using a task and robotic device 

that involves the entire upper limb. In addition, since this study focused on the immediate 

improvement in timing accuracy, no long-term retention of the changes in timing accuracy 

was assessed. Lastly, the sample size was too small in order to verify the second objective; 

hence more participants are required in order to improve the statistical power.  

 

Nonetheless, this study seems to be the first to directly compare HG and EA to 

improve the immediate timing among individuals that had a stroke. All participants were 

randomly assigned to the HG or EA conditions, which limited any confounding bias. Also, 

TEO objectively measured the timing accuracy for each participant in the exact same way, 

which limited any information bias related to data collection. Thereby, the internal validity 

of the study was good. 
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VI.6 Conclusion 
 

In conclusion, this study demonstrated that stroke survivors could have 

improvements in timing following their stroke, even at the chronic stage. As such, HG 

seemed to be the best training in order to improve the immediate timing accuracy of 

individuals that had a stroke. However, the side of the stroke lesion also seemed to have an 

impact on the response to EA training. Providing more frequent and longer training 

sessions of HG or EA, as well as evaluating long-term retention of changes in timing 

should be assessed in the near future. More work needs to be done in order to help 

individuals that had a stroke improve their timing and their overall motor recovery so that 

they can have better social participation and quality of life. 
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INFORMATION AND CONSENT FORM FOR RESEARCH 

 
 

TITLE OF THE RESEARCH PROJECT 
 

EFFECTS OF HAPTIC GUIDANCE AND ERROR AUGMENTATION 
TRAININGS ON THE MOVEMENT TIMING OF POST STROKE 

INDIVIDUALS 
 

 
RESEARCH TEAM 
 
Primary Researcher:       Marie-Hélène Milot, pht, Ph. D. 

Research Center on Aging (CdRV) of the Health and 
Social Services Centre, University Institute of Geriatrics 
of Sherbrooke (CSSS-IUGS), University of Sherbrooke 

 
Co-Researcher:  Hélène Corriveau, pht, Ph. D. 

Research Center on Aging (CdRV) of the Health and 
Social Services Centre, University Institute of Geriatrics 
of Sherbrooke (CSSS-IUGS), University of Sherbrooke 
 

Graduate Student:  Amy Bouchard, B. Sc. 
Research Center on Aging (CdRV) of the Health and 
Social Services Centre, University Institute of Geriatrics 
of Sherbrooke (CSSS-IUGS), University of Sherbrooke 

 
FILE NUMBER 
2015-481 
 
 
INTRODUCTION 

We are requesting your participation for a research project. However, before 
accepting to participate in this study, please take the time to read, to understand, 
and to attentively consider all of the information that follows.  
 
This form explains the goal of the study, the procedures, the advantages, the risks and the 
inconveniences, in addition to the persons whom to contact if ever needed. This form 
could contain words that you don’t understand. We strongly urge you to ask every question 
that you judge important and to please not hesitate to ask us to explain any word or 
information that is unclear. 
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If you accept to participate in this project, you will have to give your consent by 
signing at the appropriate place at the end of this document. We will provide you 
with a copy for your records. 
 
NATURE AND OBJECTIVES OF THE RESEARCH PROJECT 
 
After a stroke, a slowing in the reaction time of the affected arm is observed, which 
can have a negative impact on the execution of activities (i.e. driving a car). To 
minimize the negative impacts of a slowed reaction time on daily activities of living, 
robotic training is a therapeutic treatment that is being increasingly studied. Hence, 
the objectives of this project are to determine and to compare the efficacy of two 
types of robotic training on the immediate improvement of reaction time in a 
population, whom, like you, is aged 50 years and up and had a stroke. 
 
More specifically, the two types of training that you will experience are: 

1) Training by error reduction: it is based on the principal that an adequate 
demonstration of the normal movement by a robotic hand can allow your nervous 
system to better integrate and reproduce the desired movement. 
 

2) Training by error augmentation: it is centred on the concept that the error that 
occurs during a movement is a key element that is crucial in permitting your 
nervous system to learn and adapt; thus, by artificially increasing your movement 
error with the robotic hand, your nervous system would adapt itself more 
completely and rapidly and would more efficiently learn the desired movement. 

 
The total duration of the study is 3 years. Our aim is to recruit a total of 41 participants in 
Sherbrooke. 
 
PROCEDURE 
 
• Following a phone interview permitting us to determine your pre-eligibility, you 

will be invited to solely one visit of approximately 3 hours.  
• The evaluation will take place at the Research Center on Aging; CSSS-IUGS 

(Youville Hospital). 
 
 

Evaluation to confirm your pre-eligibility: 
 
Before starting your robotic training, the evaluator will obtain your consent for the 
research project and will confirm your eligibility. In order to do so, you will be 
subjected to a clinical evaluation that will permit us to verify, with the help of clinical 
tools and questionnaires:  

ü General information concerning your age, your civil status, your 
medical history, your stroke, etc. 

ü The function and performance of your affected arm such as your grip 
strength, manual dexterity, etc.  
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ü Both the level and quality of use of your affected arm in your daily 
activities. 
 

Robotic training: 
 
• If the results of the clinical evaluation indicate that you are still eligible, you will 

be given a break of at least 30 minutes. After, you will either start the error 
reduction (RE) training or the error augmentation (EA) training, the order having 
been determined by chance (i.e. as in heads or tails). For the second part of the 
training, you will experience the second training type. For example, if you start 
with the RE training, you will have the EA training type for the second training 
session. 

• It is important to note that the order in which you receive the two trainings (RE 
and EA) will not be revealed to you, so as to not influence your performance.  

• The trained task will consist of a simulated pinball-like game, which will be 
presented in a video game style with the help of a robotic hand, called TEO. 
Here, your hand will be positioned into the robot and will remain free to move in 
order to carry out the required task. Therefore, you have to initiate a movement 
of your affected wrist at the appropriate time in order to hit as many targets as 
possible, as shown on the screen. During your task performance, you will be 
given feedback, indicating whether you initiated movement too late, too early, or 
just on time.  

 
• The robotic training phases will proceed as follows: 
 

ü A familiarization period with the task to accomplish, where you will be given 
40 practice trials without any robotic help; 

ü An adjustment of the level of task difficulty according to your personal ability 
level during 39 other trials; 

ü A baseline level where you will have 40 trials, played according to your 
adjusted personal level of difficulty that was determined in the previous step; 

ü A training by error augmentation or error reduction, each having 75 trials, 
where you will have to hit the most targets possible with an adequate timing;  

ü One point will be allotted for each target that is hit; 
ü During the training sessions, the robotic hand will either increase or 

decrease your reaction time error, by retarding or accelerating your hand 
movement.  

ü You will be allotted a one minute break after 45 trials during both robotic 
trainings.  

ü A baseline period following each training type, in which you will have 40 
trials, played according to the level of difficulty that corresponds to your 
personal level of ability.  

ü An evaluator will be present with you at all times during these tasks.  
 
 
SUPPLEMENTARY INFORMATION 
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Access to your medical records 

There is a possibility that the principal investigator, Dr. Marie-Helene Milot, or a member of 
her research team, may need access to your medical records, in order to gain familiarity of 
your medical history, your current medical follow-up, or your medications, since all of these 
elements could influence your condition. To do so, we are requesting that you please fill 
out and sign the sheet entitled ‘‘Autorisation de communiquer des renseignements contenus 
au dossier’’ (‘‘Authorization to communicate the information contained in the file’’), that will 
be attached to your medical file. 
 
 
ASSOCIATED RISKS 
 
There is minimal risk of injury with the robot that is used in this study, since the 
range of motion of the wrist’s movement is very small (10 degrees). In addition, 
several security measures have been put in place to ensure an optimal control of 
the robot such as a stop button and several stops in order to limit the robot’s 
movement. 
 
 
 
 
 
INCONVENIENCES 
 
• You might feel a slight fatigue during the evaluations or during the training 

session. You will be given a resting period, if the need arises.  
• It is possible that you will feel frustrated, more particularly during the EA training 

since the robot will increase your reaction time error.  
• You will have to come to the Research Centre on Aging for the study.  
• You will have to schedule around 3 hours of your time.  

 
 

ADVANTAGES 
 
You will not acquire any personal benefits for your participation in this research project. 
However, the obtained results will contribute to the advancement of knowledge in the field 
of post stroke rehabilitation.  
 
 
VOLUNTARY PARTICIPATION AND POSSIBILITY OF WITHDRAWAL 
 
Your participation in this project is completely voluntary. Therefore, you have the 
right to refuse to participate. You may withdraw from the study at any time, without 
giving any reason(s), by informing the primary researcher of the project or one of 
project’s members.  
 
If you decide to withdraw from the study or is withdrawn from the study, your 
collected information will be untied to your name. The information will be conserved 
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by the study’s primary researcher for a period of 5 years. After, the information will 
be destroyed in accordance to the norms of the CSSS-IUGS.   
 
 
CONFIDENTIALITY 
 
During your participation in this study, we will collect and keep all your pieces of 
information in a research file. Only the pertinent information that is strictly needed 
to answer the scientific objectives of this study will be collected and used for 
research purposes. 
 
These pieces of information (data) will include the following:  
§ Your name, your address, your sex, and your birthdate;  
§ Your past and present state of health;  
§ Your lifestyle habits; 
§ The results of all the tests and questionnaires that you will have to complete 

during this project.  
 
All of these data will remain strictly confidential, within the limits prescribed by the 
law. In order to preserve your identity and the confidentiality of the collected 
information, you will be identified by a code number. At no time will it be possible to 
identify you. The key to the code relating your name to your research file will be 
kept exclusively by the primary researcher that is in charge of the study. 
 
At the end of the research project, the data that is present in your research file will 
be made anonymous, meaning that it will be impossible to relay them to your last 
name, first name, contact information, and your birthdate.  
Hence, the data could:   
§ be used for other analyzes that are related to the project;   
§ be used to elaborate other future research projects.   
  
In sum, there is a possibility that the results of this study:   
§ will be published in scientific journals;   
§ will be the topic of scientific discussions. 
 
Concerning your personal information (your name and/or contact information), it 
will be conserved, in a separate file, for 5 years after the end of the project by the 
primary researcher and will be destroyed thereafter according to the norms 
enforced at the CSSS-IUGS.  
 
A person mandated by the CER of the CSSS-IUGS, the CSSS-IUGS, or by 
authorized public organisms could consult your research file for surveillance and 
control purposes. All of these persons and organisms are required to adhere to a 
confidentiality policy. 
 
 
COMMERCIALIZATION POLICIES / RENUNCIATION 
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Your participation in this research project could lead to the creation of commercial 
products or other products which could eventually be protected by patents or other 
intellectual property rights. However, you will not have the right to request any 
financial advantages.  
 
 
COMPENSATION 
 
You will receive $20.00 for your visit, to compensate for any incurred expenses and 
possible constraints during your participation in this research project. 
 
 
PARTICIPANT’S RIGHTS 
 
By accepting to participate in this study, you will not lose any of your rights, and you will 
neither free the researchers or the establishment in which the study takes place of their 
civil and professional responsibilities.  
 
You have the right to consult your research file to verify all of the collected 
information and to make any corrections if needed, for the entire time in which the 
primary researcher of the project or the establishment will hold this information. 
 
However, in order to preserve the scientific integrity of the project, you may have 
access to some of this information once your participation has ended.  
 
 
 
IDENTIFICATION OF THE RESOURCE PERSONNEL 

If you have any questions or concerns regarding the research project or if there is a 
problem in which you believe could be possibly related to your participation in this 
research project, you may communicate with the project’s primary researcher or 
one of the members of the research team at the following numbers:  

• Dr. Marie-Hélène Milot: 819 780-2220, ext. 45277 
• Project Secretary: 819 780-1832 or toll free at 1 888-780-1832. In this case, 

indicate that you are a participant in the TEO Stroke Project (or TEO AVC in 
French).  

 
If you have any complaints or comments, you may address them to the Local 
Plaints and Quality of Services Commission of the CSSS-IUGS to Mrs. Caroline 
van Rossum, at 819 780-2220 ext. 40204. 
 
 
SUPERVISION OF THE ETHICS ASPECTS  
The Research Ethics Committee of the CSSS-IUGS and the CHUS Human-research 
Ethics Committee approved this research project and will ensure that there is an annual 
follow-up. In addition, these committees will be responsible for approving any possible 
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changes and/or revisions to the present information and consent form, as well as to the 
research protocol. 
 
For all ethics related questions, concerning your rights or conditions regarding your 
participation to this research project, you may communicate with 
  

• The Research Ethics Committee of the CSSS-IUGS by contacting the 
administrative agent at 819 780-2220 ext. 45386.  

• The Support Service of the CHUS Human-research Ethics Committee at 
819 346-1110, ext. 12856. 

 
 
FUTURE STUDIES 

If ever the results from this project give rise to another study, would you accept, for 
a period of 5 years, that a member of the research team contacts you to request 
your participation? Of course, during this call, you are completely free to accept or 
refuse to participate. 
Yes         No  
 
You may contact the primary researcher if you later decide to withdraw your authorization, 
by dialing 819 780-2220 ext. 45277. 
 
 
ENCRAGE JOURNAL 
The Encrâge Journal is an information bulletin published by the Research Centre 
on Aging of the CSSS-IUGS twice per year, which is aimed at providing information 
to study participants and the regional community.  
 
Do you wish to receive a copy of this journal?  
Yes   No  
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PARTICIPANT’S CONSENT 
 
I have completely understood what follows:    
- I have read and understood the nature, the goal, and the procedure of this study. I have 
had the opportunity to ask questions and I have received satisfactory answers;   
- I understand that my participation in this study is completely voluntary and that I can 
withdraw at any time;  
- I understand that the study’s data will be treated with full confidentiality, by preserving 
anonymity, and that the data will only be used for research purposes; 
- I have in my possession a copy of the signed information and consent form;  
- I have the right to receive information at any time from the persons in charge of the study. 
  
I give consent to participate in this research project in agreement with the above 
listed conditions. 
 
 
 
Name and signature of the participant  Date 
 
 
 
PLEDGE FROM THE PERSON OBTAINING CONSENT 
 

I have explained the terms of the present information and consent form to the 
participant and I have responded to all of the questions that were asked to me.  
 
 
 
Name and signature of the person obtaining consent Date 
 
 
 
PLEDGE FROM THE RESEARCHER IN CHARGE OF THE RESEARCH PROJECT  
 
I pledge, with my research team, to respect what was agreed upon in the present 
information and consent form, and that a signed copy has been given to the 
participant.  
 
I equally pledge to respect the right of the participant to withdraw at any time and 
that he or she must be informed of any new information that may arise during the 
study that could alter his or her decision to continue participating.  
 
 
Name and signature of the researcher in charge of the research project Date 
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Appendix III: French Version of the Consent Form 
 
 

FORMULAIRE D’INFORMATION ET 
DE CONSENTEMENT A LA RECHERCHE 

 
 

TITRE DU PROJET DE RECHERCHE 
 
EFFET DE L’ENTRAÎNEMENT PAR RÉDUCTION ET AUGMENTATION DE 
L’ERREUR SUR L’AMÉLIORATION DU TIMING DU MOUVEMENT CHEZ 

LA PERSONNE AYANT EU UN ACCIDENT VASCULAIRE CÉRÉBRAL 
 
 
ÉQUIPE DE RECHERCHE 
 
Chercheure principale :  Marie-Hélène Milot, pht, Ph. D. 

Centre de recherche sur le vieillissement (CdRV) du 
CSSS-Institut universitaire de gériatrie de Sherbrooke, 
Université de Sherbrooke 

 
Co-chercheure :  Hélène Corriveau, pht, Ph. D. 

Centre de recherche sur le vieillissement (CdRV) du 
CSSS-Institut universitaire de gériatrie de Sherbrooke, 
Université de Sherbrooke 

 
Étudiante à la maîtrise :  Amy Bouchard, B. Sc. 

 Centre de recherche sur le vieillissement (CdRV) du 
CSSS-Institut universitaire de gériatrie de Sherbrooke, 
Université de Sherbrooke 

 
NUMÉRO DE DOSSIER 
2015-481 
 
 
PRÉAMBULE 

Nous sollicitons votre participation à un projet de recherche. Cependant, avant 
d’accepter de participer à cette recherche, veuillez prendre le temps de lire, de 
comprendre et de considérer attentivement les renseignements qui suivent. 
 
Ce formulaire vous explique le but de cette étude, les procédures, les avantages, les 
risques et les inconvénients, de même que les personnes avec qui communiquer au 
besoin. Ce formulaire peut contenir des mots que vous ne comprenez pas. Nous vous 
invitons à poser toutes les questions que vous jugerez utiles et à demander que nous vous 
expliquions tout mot ou renseignement qui n’est pas clair. 
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Si vous acceptez de participer à ce projet, vous devrez signer le consentement à la 
fin du présent document. Nous vous en remettrons une copie pour vos dossiers. 
 
 
NATURE ET OBJECTIFS DU PROJET DE RECHERCHE 
 
Après un accident vasculaire cérébral (AVC), une lenteur dans le temps de 
réaction du mouvement du bras atteint s’observe, pouvant avoir un impact négatif 
sur l’exécution d’activités (ex. : conduire une voiture). Pour minimiser l’impact 
négatif d’une atteinte du temps de réaction dans les activités quotidiennes, 
l’entraînement robotisé est un moyen thérapeutique de plus en plus étudié. Ainsi, 
les objectifs de ce projet sont donc de déterminer et de comparer l’efficacité de 
deux types d’entraînement robotisé sur l’amélioration immédiate du temps de 
réaction chez une clientèle, qui comme vous, est âgée de 50 ans et plus et qui a 
eu un AVC.  
 
Plus spécifiquement, les deux types d’entraînement que vous expérimenterez 
seront : 

1) l’entraînement par réduction de l’erreur : il se base sur le principe que la 
démonstration adéquate d’un mouvement normal par la main robotisée 
permettrait à votre système nerveux de mieux intégrer et reproduire le 
mouvement désiré.  

 
2) l’entraînement par augmentation de l’erreur : il s’appuie sur la notion que 

l’erreur lors de l’exécution d’un mouvement est un élément clé permettant à 
votre système nerveux de s’adapter et d’apprendre. Ainsi, en augmentant 
artificiellement l’erreur de mouvement à l’aide de la main robotisée, votre 
système nerveux s’adapterait de façon plus complète et rapide et 
apprendrait mieux le mouvement désiré.  

 
 
La durée totale du projet est de 3 ans. Nous prévoyons recruter au total 41 
participants à Sherbrooke. 
 
 
DÉROULEMENT DU PROJET DE RECHERCHE 
 
• À la suite d’un entretien téléphonique nous ayant permis de déterminer votre 

pré-éligibilité, vous serez invités à venir à une seule visite d’environ 3 heures. 
• L’évaluation sera réalisée au Centre de recherche sur le vieillissement; CSSS-

IUGS (Pavillon d’Youville). 
 
 

Évaluation pour confirmer votre éligibilité : 
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Avant de commencer votre entraînement, l’évaluateur obtiendra votre 
consentement au projet de recherche et s’assurera de votre éligibilité. Pour ce 
faire, vous serez soumis à une évaluation clinique qui nous permettra de vérifier à 
l’aide d’outils cliniques et de questionnaires : 

ü plusieurs informations générales (ex : votre âge, votre état civil, vos 
antécédents médicaux, votre AVC, etc.) 

ü la fonction et la performance de votre bras atteint comme votre force 
de préhension, votre dextérité manuelle, etc.  

ü le niveau d’utilisation et la qualité d’utilisation de votre bras atteint 
dans vos activités de la vie quotidienne. 

 
Entraînement : 
 
• Si les résultats de l’évaluation clinique ci-haut mentionnée indiquent que vous 

êtes toujours admissible, une pause d’au moins 30 minutes vous sera accordée 
et par la suite, vous débuterez au hasard (comme à pile ou face) par 
l’entraînement par réduction (RE) OU augmentation (AE) de l’erreur. Pour la 
seconde partie de l’entraînement, vous expérimenterez le second type 
d’entraînement. À titre d’exemple, si vous débutez par l’entraînement par RE, 
vous expérimenterez pour la seconde partie de l’entraînement, l’entraînement 
par AE. 

• Il est à noter que l’ordre de présentation de ces deux types d’entraînement (RE 
et AE) ne vous sera pas divulgué pour ne pas influencer votre performance. 

• La tâche entraînée sera une tâche simulée de « pinball » (machine à boules) 
qui vous sera présentée à la manière d’un jeu vidéo grâce à une main 
robotisée, TEO. Ainsi, votre main sera positionnée dans le robot et demeurera 
libre de mouvement afin d’effectuer la tâche demandée. Vous aurez donc à 
initier un mouvement de votre poignet atteint au bon moment pour frapper le 
maximum de balles vers des cibles présentées à l’écran. Durant votre 
performance à la tâche, des commentaires vous seront présentés à l’écran 
pour vous permettre de savoir si vous avez initié votre mouvement trop tard, 
trop tôt ou juste au bon moment. 

 
• L’entraînement se déroulera comme suit : 
 

ü Période de familiarisation avec la tâche à accomplir où vous aurez 40 
essais de pratique sans aide robotisée; 

ü Ajustement du niveau de difficulté de la tâche selon votre habileté propre 
pour 39 autres essais; 

ü Période de base où vous aurez 40 essais, joués selon le niveau 
d’ajustement déterminé à l’étape précédente; 

ü Un entraînement par augmentation et réduction de l’erreur de 75 essais 
chacun où vous devrez atteindre le plus de cibles possible avec un timing 
adéquat; 

ü Pour chaque cible touchée, un score de 1 point vous sera donné; 
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ü Lors des entraînements, la main robotisée diminuera ou augmentera votre 
erreur de temps de réaction en retardant ou accélérant le mouvement de 
votre main; 

ü Une pause de 1 minute vous sera accordée après 45 essais lors des deux 
entraînements; 

ü Période de base suivant chaque type d’entraînement où vous aurez 40 
essais, joués au niveau de difficulté qui correspond à votre habileté propre; 

ü Un évaluateur sera en tout temps présent avec vous lors de ces tâches. 
 
INFORMATIONS COMPLÉMENTAIRES 
Accès à vos dossiers médicaux 

Il est possible que la chercheure, Marie-Hélène Milot, ou un membre de son équipe, puisse 
avoir à consulter vos dossiers médicaux pour se familiariser avec votre histoire médicale, vos 
antécédents médicaux, votre suivi médical actuel ou encore votre médication, puisque tous 
ces éléments peuvent influencer votre condition. Pour ce faire, nous vous demanderons de 
remplir et de signer la feuille intitulée « Autorisation de communiquer des renseignements 
contenus au dossier » qui sera annexée à vos dossiers médicaux. 
 
RISQUES ASSOCIÉS AU PROJET DE RECHERCHE 
 
Le robot utilisé dans la présente étude comporte un risque minimal de blessure au 
poignet puisque l’amplitude de mouvement permise au poignet est petite (10 
degrés) et des mesures de sécurité ont été mises en place pour s’assurer du 
contrôle optimal du robot tels qu’un bouton d’arrêt et de multiples butées pour 
limiter le mouvement du robot. 
 
 
 
INCONVÉNIENTS 
 
• Vous pourriez ressentir une légère fatigue pendant les évaluations ou pendant 

l’entraînement. Une période de repos vous sera accordée, si vous en ressentez 
le besoin. 

• Il se peut que vous ressentiez une certaine frustration reliée à l’entraînement, 
plus particulièrement lors de l’entraînement par AE puisque la main robotisée 
augmentera votre erreur de temps de réaction.  

• Vous devrez vous déplacer au Centre de recherche sur le vieillissement pour 
l’étude. 

• Vous devrez prévoir à votre horaire environ 3 heures de votre temps.  
 

AVANTAGES 
 
Vous ne retirerez aucun bénéfice personnel de votre participation à ce projet de 
recherche. Toutefois, les résultats obtenus contribueront à l’avancement des 
connaissances dans le domaine de la réadaptation post-AVC. 
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PARTICIPATION VOLONTAIRE ET POSSIBILITÉ DE RETRAIT 
 
Votre participation à ce projet de recherche est volontaire. Vous êtes donc libre de 
refuser d’y participer. Vous pouvez également vous retirer de ce projet à n’importe 
quel moment, sans avoir à donner de raisons, en faisant connaître votre décision 
au chercheur responsable du projet ou à l’un des membres du personnel affecté 
au projet. 
 
À moins d’avis de votre part si vous vous retirer de l’étude ou en êtes retiré, 
l’information vous concernant obtenue dans le cadre de l’étude sera dénominalisée 
et conservée par le chercheur principal de l’étude durant 5 ans. Passé ce délai, 
l’information sera détruite selon les normes en vigueur au CSSS-IUGS. 
 
 
CONFIDENTIALITÉ 
 
Durant votre participation à ce projet, nous recueillerons et consignerons dans un 
dossier de recherche des renseignements qui vous concernent. Seuls ceux qui 
sont strictement nécessaires pour répondre aux objectifs scientifiques du projet 
seront recueillis et utilisés à des fins de recherche. 
 
Ces renseignements (données) comprendront les informations suivantes : 
§ Votre nom, votre adresse, votre sexe, et votre date de naissance ; 
§ Votre état de santé passé et présent ; 
§ Vos habitudes de vie ; 
§ Les résultats de tous les tests et de tous les questionnaires que vous aurez à 

faire durant ce projet. 
 
Toutes ces données demeureront strictement confidentielles, dans les limites 
prévues par la loi. Afin de préserver votre identité et la confidentialité des 
renseignements recueillis, vous serez identifié par un numéro de code. En aucun 
temps, il ne sera possible de vous identifier. La clé du code reliant votre nom à 
votre dossier de recherche sera conservée exclusivement par le chercheur 
responsable. 
 
À la fin du projet de recherche, les données contenues dans votre dossier de 
recherche seront anonymisées, c’est-à-dire qu’il sera impossible de les lier à votre 
nom, prénom, coordonnées ou date de naissance. 
Ainsi, les données pourront :   

•  Servir pour d’autres analyses reliées au projet ;   
•  Servir pour l’élaboration de projets de recherche futurs.   

  
Et les résultats de recherche pourront :   

•  Être publiés dans des revues spécialisées ;   
•  Faire l’objet de discussions scientifiques ; 
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Quant à vos renseignements personnels (votre nom et/ou vos coordonnées), ils 
seront conservés, dans un dossier séparé, pendant 5 ans après la fin du projet par 
le chercheur responsable et seront détruits par la suite selon les normes en 
vigueur au CSSS-IUGS. 
 
Une personne mandatée par le CÉR du CSSS-IUGS, le CSSS-IUGS ou par des 
organismes publics autorisés pourraient consulter votre dossier de recherche et 
ce, à des fins de surveillance et de contrôle. Toutes ces personnes et tous ces 
organismes adhèrent à une politique de confidentialité. 
 
 
POSSIBILITÉS DE COMMERCIALISATION/RENONCIATION 
 
Votre participation au projet de recherche pourrait mener à la création de produits 
commerciaux ou autres qui pourraient éventuellement être protégés par des 
brevets ou autres droits de propriété intellectuelle. Cependant, vous ne pourrez en 
retirer aucun avantage financier. 
 
 
COMPENSATION 
 
Vous recevrez un montant de 20$ pour cette visite, en compensation des frais encourus et 
des contraintes subies pendant votre participation à ce projet de recherche. 
 
 
DROITS DU PARTICIPANT 
 
En acceptant de participer à cette étude, vous ne renoncez à aucun de vos droits, ni ne 
libérez les chercheurs ou l’établissement où se déroule ce projet de recherche de leurs 
responsabilités civile et professionnelle. 
 
Vous avez le droit de consulter votre dossier de recherche pour vérifier les 
renseignements recueillis et les faire rectifier au besoin, et ce, aussi longtemps que 
le chercheur responsable du projet ou l’établissement détiendront ces informations. 
 
Cependant, afin de préserver l’intégrité scientifique du projet, vous pourriez n’avoir 
accès à certaines de ces informations qu’une fois votre participation terminée. 
 
 
 
IDENTIFICATION DES PERSONNES-RESSOURCES 

Si vous avez des questions concernant le projet de recherche ou si vous éprouvez 
un problème que vous croyez relié à votre participation au projet de recherche, 
vous pouvez communiquer avec le chercheur responsable du projet de recherche 
ou l’un des membres de son équipe aux numéros suivants : 

• Pre Marie-Hélène Milot : 819 780-2220, poste 45277 
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• Secrétariat du projet : 819 780-1832 ou sans frais au 1 888-780-1832. Dans 
ce cas, indiquez que vous êtes un participant du projet TEO AVC. 

 
Si vous avez des plaintes ou des commentaires à formuler, vous pouvez 
communiquer avec la Commissaire locale aux plaintes et à la qualité des services 
du CSSS-IUGS, Mme Caroline van Rossum, au 819 780-2220, poste 40204.  
 
SURVEILLANCE DES ASPECTS ÉTHIQUES 
Le Comité d’éthique de la recherche du CSSS-IUGS et le Comité d’éthique de la 
recherche en santé chez l’humain du CHUS ont approuvé ce projet de recherche et en 
assurent le suivi annuel. De plus, ils approuveront, au préalable, toute révision et toute 
modification apportée au présent formulaire d’information et de consentement et au 
protocole de recherche. 
 
Pour toutes questions reliées à l'éthique, concernant vos droits ou les conditions 
dans lesquelles se déroule votre participation à ce projet, vous pouvez 
communiquer avec 

• Le Comité d’éthique à la recherche du CSSS-IUGS en contactant l’agente 
administrative du CÉR au 819 780-2220, poste 45386. 

• Le Service de soutien à l’éthique de la recherche du CHUS au 819 346-
1110, poste 12856. 

 
 
ÉTUDES ULTÉRIEURES 

Dans l’éventualité où les résultats découlant de ce projet donnent lieu à une autre 
recherche, acceptez-vous, pour une période de 5 ans, qu’un membre de l’équipe 
de recherche prenne contact avec vous pour vous proposer une nouvelle 
participation ? Bien sûr, lors de cet appel, vous seriez entièrement libre d’accepter 
ou de refuser de participer. 
Oui       Non  
 
Si vous désirez retirer votre autorisation par la suite, vous pourrez le faire en tout temps en 
contactant la chercheure principale au numéro de téléphone 819 780-2220 poste 45277. 
 
 
JOURNAL ENCRÂGE 
Le Journal Encrâge est un bulletin publié par le Centre de recherche sur le 
vieillissement du CSSS-IUSG deux fois par année. Il vise à informer les personnes 
qui ont participé aux études du Centre de recherche et la communauté régionale. 
 
Souhaitez-vous recevoir une copie de ce journal ? 
Oui   Non  
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CONSENTEMENT DU PARTICIPANT 
 
J’ai très bien compris ce qui suit :   
- J’ai lu et compris la nature, le but et le déroulement de l’étude. J’ai eu l’occasion de poser 
des questions et j’ai obtenu des réponses satisfaisantes;   
- Je comprends que ma participation à cette étude est entièrement volontaire et que je 
peux me retirer en tout temps;  
- Je comprends que les données de cette étude seront traitées en toute confidentialité, en 
préservant l’anonymat et qu’elles ne seront utilisées que pour la présente recherche;   
- J’ai en ma possession un exemplaire du feuillet d’information et du formulaire de 
consentement signé  
- J’ai le droit à n’importe quel moment de recevoir des renseignements de la part des 
responsables de l’étude.  
 
  
Je consens à participer à ce projet de recherche aux conditions qui y sont 
énoncées. 
 
 
 
Nom et signature du participant  Date 
 
 
 
ENGAGEMENT DE LA PERSONNE QUI OBTIENT LE CONSENTEMENT 
 

J’ai expliqué au participant les termes du présent formulaire d’information et de 
consentement et j’ai répondu aux questions qu’il m’a posées. 
 
 
 
Nom et signature de la personne qui obtient le consentement  Date 
 
 
 
ENGAGEMENT DU CHERCHEUR RESPONSABLE DU PROJET DE RECHERCHE 
 
Je m’engage, avec mon équipe de recherche, à respecter ce qui a été convenu au 
présent formulaire d’information et de consentement et à ce qu’une copie signée 
soit remise au participant. 
 
Je m’engage également à respecter le droit de retrait du participant et à l’informer 
de toute nouvelle connaissance acquise durant le déroulement du projet qui 
pourrait modifier sa décision de continuer d’y participer. 
 
 
Nom et signature du chercheur responsable du projet de recherche  Date 
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Appendix IV: English Version of the Recruitment Ad 
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Appendix V: French Version of the Recruitment Ad  

 

 

 

 

 

 
 

 




