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Abstract
Background: Neuroscience and neurotechnology are changing stroke rehabilitation. Robotic devices as well as
telerehabilitation have become of great interest and are increasingly being used to train the upper extremities
after stroke. Its use in home settings allows to extend institutional rehabilitation by increasing and prolonging
therapy. The aim of this study is to assess the usability of MERLIN robotic system based on serious games for
the upper limb rehabilitation in stroke patients in a home environment.
Methods: 12 participants with a stroke in three different stages of evolution (subacute, chronic of short evolution
and long-term chronic) with impaired arm/hand function were recruited to use the MERLIN system for 3
weeks: one week of training at the Maimonides Biomedical Research Institute of Cordoba (IMIBIC), and 2 weeks
at patients’ home. Evaluation of usability involved System Usability Scale (SUS), Adapted Intrinsic Motivation
Inventory (IMI), Quebec User Evaluation of Satisfaction with assistive Technology (QUEST), and ArmAssist
Usability Assessment Questionnaire which were evaluated post-intervention. Clinical outcomes on upper
extremity motor function were assessed pre- and post-intervention.
Results: Finally, 9 patients participated in the study, 3 drop-off due to the COVID-19. The usability assessment
reported a high level of satisfaction: mean SUS score was 71.94 % (SD=16.38), mean QUEST scale was 3.81
(SD=0.38), and mean IMI score was 6.12 (SD=1.36). The results of the ArmAssist Questionnaire was an average
of 6 out of 7, which indicates that MERLIN is easy to learn, easy to use and intuitive. Regarding clinical
assessment, Fugl-Meyer scores showed moderated improvements from pre- to post-intervention in the total
score of motor function (p = 0.002). There were no significative changes in Modified Ashworth scale outcomes
(p = 0.169)
Conclusions: This usability study indicates that home-based rehabilitation for upper limb with MERLIN system is
safe, useful, feasible and motivating. The telerehabilitation suppose an important step towards an intensive
rehabilitation to be bring to home.
Trial registration: ClinicalTrials.gov, NCT04405609. Registered 06 January 2020 - Retrospectively registered,
https://clinicaltrials.gov/ct2/show/NCT04405609

Background
Stroke is one of the leading causes of death, physical disability, and economic burden worldwide. There are over
13.7 million new strokes each year. 5.5M people die annually and most stroke survivors have chronic disabilities,
with limitations and restrictions in their daily life activities (1, 2).
The prevalence of people living with the effects of stroke that creates a greater demand of rehabilitation services
has increased in last years (3). The paralysis on upper limb is predominant impairment after stroke and only the
10–20% of the patients recover completely from it partially due to the complexity of the movement required for
upper limb function (4, 5). The main aim of the rehabilitation for the patients is the promotion on the recovery of
lost functions, which directly affects in the independence and the reintegration of patients in their daily and
social life activities (6). Nowadays, intensity, repetition and significative activities functional oriented and
challenging are considered key aspects to make stroke patients’ rehabilitation effective (7, 8). There is evidence
that those aspects lead for a better recovery and higher levels of independence (9). However, the increase in the
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affected population and the limited health resources make very difficult the supply of services using a traditional
approach.
Currently, neuroscience and neurotechnology are changing stroke rehabilitation (10). In a moment when the
rehabilitation services resources are lower than the demands, robotic assisted rehabilitation and home-based
telerehabilitation have become of interest (11). In the last years, robot-based neurorehabilitation systems have
been considered a solution to increase the number of movement repetitions which is considered really beneficial
for the patients’ recovery (12, 13). These technologies have the advantage of measuring objectively the
movements doing safe and intensive rehabilitation exercises thanks to the precision of movements that the
robots could provide (14, 15). In addition, home-based telerehabilitation allows to extend institutional
rehabilitation increasing and prolonging the therapy (16). On the other hand, game-based telerehabilitation
combined with robotic systems have created a motivating and engagement environment for patients (17).
Serious games designed specifically for the tasks to be performed can increase the quality and quantity of the
therapy due to an enjoyable environment (18). The purpose of this manuscript is to present the usability
validation of MERLIN robotic system based on serious games for the upper limb rehabilitation in patients with a
stroke brought to homes. In this study the ease-to-use, consistency and acceptance of the system have been
evaluated. The research done also pretends to demonstrate the feasibility of including the robotic therapy as
complement of regular daily rehabilitation program.

Methods
Participants
Jakob Nielsen’s theory (19) is widely accepted regarding the number of users enough to evaluate a system with
the aim of detecting most of the usability problems that can affect a product. According to Nielsen between
three and five users could identify the 85% of the most relevant usability problems. In this case, it was decided to
recruit 12 patients in different stages of post-stroke upper limb recovery evolution due to the heterogeneity of the
study population, in order to test as many system features as possible.
Patients with a stroke were recruited at the University Hospital Reina Sofía of Cordoba, Spain. Participants were
divided in three different groups depending on their stage: subacute between 2–6 months of evolution, chronic
of short evolution between 6–12 months and long-term chronic (more than 12 months). Four patients were
recruited from each stage. The inclusion criteria to participate in the study were: subjects over 18 with upper limb
hemiparesis after stroke, unilateral paresis and cognitive ability to understand, accept and actively participate in
the usability study. The patients who presented bilateral motor deficit, severe spasticity, psychiatric illness,
and/or cognitive impairment were excluded.
Having Wi-Fi at home, as well as a table of 110 × 68 cm to have enough space for MERLIN system installation
was also considered a requirement to participate in the study. All the subjects were duly informed about the
study and all of them gave written consent before the first session.
Study design
This interventional study is an open label trial with a single group and a longitudinal design. Each patient used
the MERLIN system for 3 weeks: one week of training at the IMIBIC (Maimonides Biomedical Research Institute
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in Cordoba, Instituto Maimónides de Investigación Biomédica de Córdoba, in Spanish) facilities with a
physiotherapist supervision, and 1 week at patient's home with the physiotherapist supervision and 1 week at
patient’s home by their own with physiotherapist remote support and supervision to organize the rehabilitation
sessions.
Arm and hand functions were evaluated the first day before starting the training as baseline, and the last day of
participation. System usability and participants’ motivation was evaluated the last day of their participation
using different validated scales as it will be explained later in this manuscript.
The MERLIN robotic-assisted telerehabilitation system
The MERLIN robotic telerehabilitation system has been developed to bring the neurorehabilitation to the poststroke patients homes with the aim of providing daily, intensive, motivating and patient tailored rehabilitation,
with therapists’ indirect supervision (20). The system is composed by the ArmAssist (AA) cost-effective robotic
system based on serious games developed by TECNALIA, and the Antari Home Care platform (21) to supervise,
organize and customize the patients’ daily training remotely, which has been developed by GMV (22). The AA
system is a modular solution which includes an affordable and portable robotic device for an upper limb
complete rehabilitation, and a software platform based on serious games for the patients engagement and
training assessment (18). The AA robotic device can measure the patient’s self-directed active movements which
are performed on a mat put on a regular table thanks that the robotic system includes different sensors (see
Fig. 1) The key movements that can be measured are shoulder horizontal abduction-adduction, flexion-extension
in the elbow (vertical force), prono-supination movements of the wrist and hand opening and closing (grasping)
(23). This version of the system is addressed to patients that can actively do the movements and thus is more
appropriate for the patients that are in mildly or moderate motor impairment according to Fugl-Meyer scale.
The AA system facilitates recovery of upper limb motor control and function through, interactive gaming goaloriented, and functional tasks assisted, that require variable cognitive engagement designed to motivate the user
to train longer and more effectively. It includes games for both training and assessment (24). 7 training games
are available, which were co-designed with patients and physiotherapists (25). The games can be configured to
train shoulder abduction/adduction, wrist prono-supination, hand open/close, or elbow flexion-extension and
combinations of those movements. The game demands to the user doing the exercise beyond the threshold of
the patient’s range motion. This threshold is previously set using the assessment games, and can be modified
when needed, i.e. when motor improvement is detected by the physiotherapist. Different levels can be also
configured for each patient depending on the motor and cognitive capabilities. The games have been designed
suitable for the target group taking into account the possible cognitive or vision problems, for example (26).
Additionally to those designed games, the system offers the option to play online games available in Internet
using the robot device as a regular mouse. This option is recommended for patients with good movement
control and cognitive capabilities.
In the MERLIN system, the patients could access to the daily therapy previously organized by the
physiotherapist, as well as to a summary of the results obtained during the therapy (see Fig. 3 Right). A
communication tool with the therapist, similar to mailing, was also added.
The AA system has been previously tested in clinical setting by therapists and patients with positive results on
acceptance (11) and effectiveness with the improvements in the motor function of the patients after the use of it
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(24). Previous studies also demonstrated that the therapy using AA system is enjoyable and motivating because
engages patients (27). In this study, the system has been adapted for a home use. With this aim, the software
was prepared to work on a tablet, a package was designed to transport the system, and the mat was adapted
(see Fig. 2).
As it was previously explained, the Antari HomeCare platform has been also integrated in the MERLIN system.
This telecare platform which is prepared for managing patients’ treatments and doing an online follow-up, was
adapted for customizing the rehabilitation therapies remotely. Using this online platform, the therapist
customized each patient therapy selecting the games to be used and the movement to train, the number of days
to be repeated, the time to play each game. Also, the evolution of the patient and the score obtained in the
different games or tasks proposed for each day, as well as duration and frequency of training could be checked
by the therapist using this online system (see Fig. 3 Left). The communication tool similar to mail is also
accessible via Antari HomeCare system.
Intervention sessions
Rehabilitation therapy included 11 sessions using MERLIN system to be done in 3 weeks. The first week was
used as training to teach users and caregivers how to use the system correctly as well as getting used to the
rehabilitation system, robot movements and protocol times. Training sessions were organized every day with a
duration of one hour per day at IMIBIC facilities (see Fig. 4 Left). Special emphasis was addressed in the correct
positioning of the arm and shoulder for a proper rehabilitation. In addition, each participant received a user
manual copy which also included a telephone number to contact in case of any technical or clinical issue. The
physiotherapist installed the system at the participant’s home in the beginning of the second week, the chair
height was adjusted and explained to the patient the correct position for the back and shoulder for doing the
training and having the arm in a comfortable position during the rehabilitation when supervision was not
available (see Fig. 4 Right). 3 sessions of 30 minutes were held on alternative days. During this week the patient
did the assigned therapy for each day with the physiotherapist supervision. Third week have same structure but
participants trained using the system completely autonomously at home. The physiotherapist used the tele-care
platform daily, to follow up remotely the participants’ progress and system use as well as organizing next
session.
The training movements and games used for that purpose were selected by the physiotherapist, who decided the
therapy intensity level and movements to train according to the patient's evolution or cognitive conditions. The
therapist organized the rehabilitation sessions beforehand using the tele-care platform prepared with that aim.
Prior starting the therapy, patients were requested to do a calibration process to set up the threshold according to
their range of motion. This allows that participants were challenged to exercise at their maximum capacity.
Then, during the system use, the range of motion for each game and patient was controlled by the system itself.
Assessment
Study data were collected and managed using REDCap (28) electronic tool hosted at FIBICO (Foundation for
Biomedical Research in Cordoba; Fundación para la Investigación Biomédica de Cordoba in Spanish) (29).
REDCap (Research Electronic Data Capture) is a secure, web-based software platform designed to support data
capture for research studies, providing 1) an intuitive interface for validated data capture; 2) audit trails for
tracking data manipulation and export procedures; 3) automated export procedures for seamless data
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downloads to common statistical packages; and 4) procedures for data integration and interoperability with
external sources (30, 31). REDCap is HIPAA (Health Insurance Portability and Accountability Act) (32) and 21
CFR Part 11 (33) compliant, which means that it complies a minimum security for data in clinical investigations.
However, no personal data were recorded on REDCap to comply with the European General Data Protection
Regulation (GDPR) (34) as participants were European citizens.
Primary outcomes measurements. Usability and acceptance data.
Feasibility of use of the system and motivation were evaluated by patients using semi-structured interviews and
different usability questionnaires with Likert scales during the clinical trials which had a duration of 3 weeks of
intervention. Used validated scales were: System Usability Scale (SUS) (35), Adapted Intrinsic Motivation
Inventory (IMI adapted) (36), Quebec User Evaluation of Satisfaction with assistive Technology (QUEST) (37),
and AA Usability Assessment Questionnaire (18).
SUS scale is used to evaluate the usability of the system. Scores are ranging to 0–100%, where a high score
means better usability with a threshold of 68%. The IMI is a multidimensional questionnaire which measures
interest/enjoyment, perceived competence, pressure/tension, value/usefulness, felt pressure and tension, and
perceived choice that patients experience during the performance of an intervention with the device. This scale
consists of 20 item questionnaire with options from 1 ‘strongly agree’ to 7 ‘strongly disagree’. The purpose of
QUEST is to evaluate the patient’s satisfaction with the device and with the services they experienced. It consists
of 12 questions: 8 related to the device and 4 related to services, which must be rated in a Likert from 1 ‘Not
satisfied at all’ to 5 ‘Very satisfied’, AA Usability Assessment Questionnaire consists of 17 items survey. It was
specifically designed for the AA device which is used in MERLIN system. The questions are rated by patients and
therapists from 1 ‘strongly agree’ to 7 ‘strongly disagree’ to evaluate the satisfaction with the system and the
therapy. It also includes 3 open-ended questions about the participant’s subjective opinion such as the aspects
that she like most, the identified negative aspects, and any proposals for improve the system.
In addition two short questions were added to ask to participants about their willingness-to-pay for the MERLIN
system as therapy.
Secondary outcome measurements. Clinical information.
With the aim of quantifying general arm function and any effect of the system on it, clinical standardized scales
were used, before patients start with the therapy using MERLIN and after finishing the clinical trial. Upper Limb
Fugl Meyer Scale (Fugl-Meyer) (38) and Modified Ashworth Scale (MAS) (39) were used to evaluate the clinical
condition of the patients before their enrolment in the study to confirm their participation according to the
inclusion criteria. Same scales were repeated at the end of the therapy using MERLIN to confirm the system
safety and did not cause negative effects on the patient such as arm function reduction. Fugl-Meyer and MAS
could be used also to measure the effectiveness of the system although small improvements were expected due
to the short duration of the intervention achieve clinical evidence.
The Fugl-Meyer is an index to assess the sensorimotor impairment in individuals. MAS measures muscle tone
during passive soft tissue stretching by rotating a joint and estimating the resistance, and it is used as a simple
measure of spasticity.
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Statistical analysis
Statistical outcomes were analysed using IBM SPSS Statistics© (40) software for Windows© Operating System.
Descriptive summary statistics (mean with standard deviation, SD) was used to process the quantitative data
provided by the Likert scales items in SUS, QUEST and IMI Adapted. The qualitative data obtained in the openended questions were analysed using thematic analysis.
To the Clinical assessment, a one-tailed, paired t-test, with a significance level of p < .05, was used to compare
pre- and post-intervention Fugl Meyer and MAS outcome measures.

Results
Participants
This clinical study was planned to start in September 2019 and finishing in June 2020. During the clinical study
the COVID-19 global pandemic blew-up, which had a significant impact in the study. It was foreseen that 12
patients with a post-stroke hemiparesis participated in the research, but 9 of them completed the intervention
study. 3 patients dropped-out the study after the recruitment period due to the COVID-19. Special effort was done
in recruiting additional participants to complete the study, but patients were not willing to participate in the study
during the research period. Patients with a post-stroke upper limb impairment included in this research, usually
have comorbidity such as hypertension, mellitus diabetes, atherosclerosis, heart disease, etc. that include this
population in the risk group of COVID-19. Aware of this situation, the mobility limitation restriction in the country
by the Government for some time, and because the fear of the infection, it was not possible to include additional
participants at the end of the study. However, it was considered that the results are also reliable with 9 patients
as it was previously explained.
66.7% of the participants were men and 33.3% women. The age range of them was between 41 and 89 with an
average of 63.89. 66.7% have left hemiparesis and 33.3% right.
In addition to the therapy received with MERLIN system during the usability study, the 88.9% of the patients also
received other sessions of Occupational Therapy or Physiotherapy (public or private). The characteristics of the
nine participants are showed in Table 1.
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Table 1
Patients demographic information.
Age

Gender

Hemiparesis

Dominant
Hand

Stroke
date

Employment
situation

Other
therapies

P1

59

M

L

R

31-082019

Medical leave

Y

P2

60

M

R

R

22-052019

Medical leave

Y

P3

70

F

L

R

12-042019

Retired

Y

P4

74

M

R

R

05-042019

Retired

Y

P5

41

M

L

R

16-092016

Medical leave

Y

P6

42

F

L

R

01-052018

Unemployed

Y

P7

89

M

L

R

20-082019

Retired

N

P8

69

F

L

R

02-052019

Retired

Y

P9

71

M

R

R

18-112019

Retired

Y

Gender: M = Male, F = Female; Hemiparesis/Dominant Hand: L = Left, R = Right; Other therapies: Y = Yes, N =
No
The participants were also asked about any adverse event that could happen during the clinical trial at the end
of each session. No relevant adverse events were reported. Participants reported only two inconveniences that
have been previously foreseen in the user manual: 1) some chafing on the skin due to contact with the robot
protruding elements; and 2) some shoulder fatigue at the end of the session. To avoid any chafing some foam
pieces were provided to attach them in the contact parts of the robot that could cause the problem. This solution
should be customized to the participant’s arm/hand size. In the case of the shoulder fatigue, the sessions timing
was adjusted to 20–30 minutes to all the participants with the aim of avoiding this adverse event.
Usability and acceptance results
The quantitative data obtained using SUS, QUEST and IMI questionnaires is summarized in figures below, which
show the user acceptance and experience results. Usability perception has been rated with a mean score of
71.94% (SD = 16.38) on SUS scale (see Fig. 5 ), which means that the system usability is considered “Good”
according to the Bangor et al. research (41).
In general, the motivation and satisfaction were positive, as reflected in the mean score on the IMI of 6.12 over 7
(SD = 1.36) (see Fig. 6 Right) and in the mean score on QUEST scale of 3.81 over 5 (SD = 0.38) (see Fig. 6 Left).
In those both scales a higher score means higher that the participant is more motivated or satisfied, except for
the pressure/tension which needs to be normalized to calculate the mean.
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The results of the AA Questionnaire test are presented in Table 2. The participants rated the system with an
average of 6 in a scale of 7, so, it can be concluded that they considered it easy to- learn, easy to use and
intuitive. They also considered that the system can be positive for their treatment because it could allow them to
train longer and they reported that this therapy could be more entertaining comparing to the regular therapy (6
out 7). All the participants agreed that they would recommend the system to other patients, but some
improvements are proposed. Some examples of the participants’ proposals can be found in next section (see

open-ended question)
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Table 2
Patients’ results of the AA Questionnaire
Questions

P1

P2

P3

P4

P5

P6

P7

P8

P9

MEAN

1

It has been easy to learn how to use
the system, both the hardware and
the software.

7

7

7

5

7

7

3

7

7

6.33

2

I think I will often need the support of
a technical person to be able to use
this system.

2

4

5

5

1

1

6

2

6

3.56

3

Using this system, I need to spend a
lot of time in non-training activities.

2

2

4

2

1

4

2

1

1

2.11

4

I can remember without problem how
to use the system effectively.

7

7

4

3

7

7

3

7

7

5.78

5

It took a long time to be able to use
the system without problems.

2

7

2

1

1

1

1

1

1

1.89

6

I think that I will benefit from using
this system

7

7

7

1

7

7

7

7

7

6.33

7

Using this system I am motivated to
train longer

7

6

7

1

5

7

4

7

7

5.67

8

I think that this system is
uncomfortable to use.

5

3

5

7

4

5

4

7

2

4.67

9

I enjoyed training with this system

7

6

7

1

5

7

5

7

7

5.78

10

I would recommend other people to
use this system.

7

7

6

4

7

7

6

7

7

6.44

11

I think that this system needs to be
improved.

7

6

6

7

7

5

4

7

6

6.11

12

I had internet connection problems
while using the system

4

2

5

6

1

3

2

6

1

3.33

13

I feel uncomfortable using a system
like this, because I have no experience
in using a pc.

1

1

4

1

1

1

6

1

2

2.00

14

I don’t think using this system will
make any change to my condition

2

1

2

7

1

1

5

1

2

2.44

15

I feel that the games are inadequate
for the training.

2

1

1

4

6

1

1

1

2

2.11

16

I am familiar with this kind of
technology.

6

4

2

2

4

4

1

7

2

3.56

17

I feel myself safe using this system

6

7

6

2

7

7

7

7

6

6.11

Note: On the scale 1 means ‘Strongly disagree’ and 7 means Strongly agree’
Open-ended question
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Participants were motivated to participate in the clinical trials and during the rehabilitation sessions. At the end
of the trials all of them answered positively to the questions regarding using MERLIN system at home. Patients
declared that they have enjoyed they participation and valued positively this different way of therapy for the
rehabilitation of their affected arm. Some of them stressed about the aspects they liked most:

“It is a new attractive and motivating therapy”
“MERLIN system is entertaining and easy to use therapy, which allows many repetitions”
“We can decide the most convenient time for doing the therapy”.
Some of the negative aspects were repeated by some participants. The height and size of robot did not allow a
completely relaxed posture for all of the patients. Regarding the serious games, some participants complained
about the limited number of games and the simplicity of them. Participants, both patients and clinicians,
proposed some future improvements:
Improve robot design to allow a relaxed arm position.
Adjust the dimensions, reduce the size and the area to better fit their home use.
Include more games, and make them more attractive.
Develop more complex games with cognitive involvement.
Finally, the participants were asked about their willingness to pay for a therapy using MERLIN system and the
price they would be willing to pay. The 88.9% of the participants would be positive to pay for a system like
MERLIN for more than 6 weeks and they would rent it by 40–60 € per month.
Clinical results
Although the aim of these trials was not to measure the effectiveness of the system, some measurements of the
mobility status of the participants were also done before and after the use of MERLIN, with the aim of detecting
not foreseen any negative effect on the patients. As it was previously explained, the scales Fugl-Meyer and MAS
were used with this aim. The outcomes measures are shown in Table 3 and Table 4. From the data gathered it
can be said that there was a visible improvement in the Fugl-Meyer scale after the rehabilitation using the
system (T1) being more significative the changes in the upper limb and coordination (p = 0.008 and p = 0.004,
respectively), and in the total score of motor function (p = 0.002).
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Table 3
Fugl-Meyer Motor function outcomes. T0 = baseline and T1 = post-training sessions
Upper limb
(36*)

Wrist (10*)

Hand (14*)

Coordination
(6*)

Motor
function (66*)

T0

T1

T0

T1

T0

T1

T0

T1

T0

T1

P1

31

36

9

9

14

14

5

6

58

63

P2

23

28

7

10

10

11

4

4

44

52

P3

32

36

10

10

13

14

5

6

60

66

P4

30

31

9

9

13

13

4

4

56

57

P5

24

26

3

4

8

8

3

4

38

42

P6

26

30

7

9

14

14

5

6

52

59

P7

32

32

10

10

12

12

4

5

58

59

P8

9

10

3

3

6

7

3

3

21

23

P9

32

32

9

10

12

12

3

4

56

58

MEAN

26.56

29.00

7.44

8.22

11.33

11.67

4.00

4.67

49.22

53.22

SD

7.49

7.84

2.74

2.73

2.78

2.60

0.87

1.12

12.84

13.25

T-test

t= -3.55;
p = 0.008

t= -2.14; p =
0.065

t= -2.0;

t= -4.0;

t= -4.54;

p = 0.081

p = 0.004

p = 0.002

Note: *Maximum score for each motor component of the assessment. Abbreviations: SD (standard
deviation); P(Participant)
However, there were no significative changes in MAS outcomes (p = 0.169), so, this kind of therapy using a robot
does not seem to influence the spasticity of the upper limb.
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Table 4
MAS outcomes at T0 – T1.
T0

T1

P1

0

0

P2

1

1

P3

1

0

P4

0

0

P5

1

1

P6

0

0

P7

0

0

P8

2

1

P9

0

0

MEAN

0.56

0.33

SD

0.73

0.50

T-Test

t = 1.512; p = 0.169

Note: *Maximum score of the assessment = 5; P(participant)

Discussion
The aim of this study was to analyse the user acceptance and usability of MERLIN system at home environment
in patients with upper limb motor impairment after stroke. In this study it was also proposed to observe the
possible changes in the clinical condition of the patients due to their participation on the trials, so some
additional clinical measurements were also added. The final users’ special needs and their mobility limitations
must be considered when a new rehabilitation technology is developed, with the aim of guaranteeing that the
design of the system will meet their real needs and requirements (42). As well, the usability of the system must
be evaluated to build a system comfortable and motivational that patients are willing to use with the objective of
generating treatment adherence in the future.
Numerous studies show the effectiveness and the advantages of using robotic systems for neurorehabilitation
(43, 44, 45) and tele-rehabilitation (46, 47, 48). Other studies also demonstrated that the use of an exoskeleton
with patient-driven control strategy for rehabilitation where patient is active during the therapy sessions more
attractive and in consequence more effective in their treatment (49). In this study a robotic tele-rehabilitation
system based on serious games has been brought to stroke patient’s home to be tested. This is the first time that
this system has been tested in a home environment, because previously it was tested in clinical setting (24, 18,
27).
The usability positive results obtained in this study agree with other home-based studies published in last years
(5, 50, 51). 9 patients completed the study and rated positively the different scales. The mean for the SUS and
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IMI scales were 71.94 and 6.06 respectively which show a positive evaluation of the usability and acceptance of
the MERLIN system to be used for rehabilitation and obtained higher results than other similar studies (52, 53).
Regarding the results on QUEST and AA Questionnaire indicate that participants perceived this of therapy as
interesting and motivating, as well simple, intuitive and easy to use. However, P4 and P8, had a slightly more
negative perception comparing to the rest. P4 was not used to new technologies and he felt frustrated when
interact with the computer and games. P8 has severe motor impairment which implied much more effort to
move the arm comparing with other participants. Despite of those inconveniences, both patients decided to
complete the intervention.
Overall, all participants enjoyed the therapy with the MERLIN system, which indicates the potential of robotic
systems based on serious games for involving stroke patients actively in their rehabilitation sessions. In
addition, the use of feedback like games’ scores or positive messages and the possibility of doing a follow-up of
their own evolution checking the plots in the same system showed that motivate and engage the patients to
train every day, thus increasing the adherence to the therapy.
It needs to be highlighted that the 100% of participants would recommend MERLIN system use to other patients,
and the 88.9% would use it for more than 6 weeks. All participants reported low or no levels of stress when using
MERLIN at home on their own. Despite the general positive perception, participants considered that MERLIN also
would need some improvements which will be considered in further development of the system. The size and
height of the device, as well as new games inclusion and design improvement are some examples of usability
proposals done by the participants.
As it was stated before, the aim of this study was to evaluate the usability of the system, so the intervention
timeline and the target of number of patients were very small to demonstrate the effectiveness of the therapy.
However, clinical assessment showed moderated improvements in motor function on the upper limb that agree
with results found in other studies done with similar robotic systems on home environment (54, 55). On
individual level, the nine participants were classified on motor function as mildly (6 patients), moderately (2) and
severely (1) impaired on the baseline measurements using Fugl-Meyer scale. Participants achieved a visible
improvement which was evaluated using the motor function of Fugl-Meyer scale after the training. The
intervention involves patients in the subacute, short-chronic and chronic phase according to the inclusion
criteria. More changes were expected in patients considered subacute after training, as theoretically most
recovery of specific impairments occurs during the 6 first months after stroke (56, 57), however no great
differences have been found in the evolution of them. In fact, P6, a patient on chronic phase, experimented the
greatest motor change. The most significant changes were experienced by P6, P2 and P3. Those patients were
in different phases of evolution and with different baseline, as can be seen in Tables 1 and 3, respectively.
Therefore, in this study, no relationship was found between motor function improvements and evolution.
Regarding MAS there were no significative changes (p = 0.169), so, it can be conclude that the use of this system
does not have any influence on the upper limb spasticity. This result can be considered positive because in
addition to the intrinsic factors that cause spasticity, it has been suggested that extrinsic factors (noxious
triggers) may increase the spasticity. Those factors could include mental stress, physical contact, anxiety, pain,
muscle fatigue, muscle contractures, certain body postures, jerky movements or changes of position, among
others (58), which could induce or aggravate high tone and induce pain. None of the patients reported an
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increase of the spasticity or reduction of the mobility after the use of the system, which demonstrates that
MERLIN does not cause any noxious triggers.
According to the clinical results, none of the patients reported a reduction of the mobility after the use of the
system, which demonstrates that the use of it is at least safe and in most of the cases beneficial.
Additionally, there were no serious adverse events during the study. Mild shoulder pain, mild fatigue and chafing
in the skin are the only adverse effects noted. So, this study provides evidence that the MERLIN might be used
safely in a home setting.
Future studies might consider incorporating greater number of participants and a higher training duration.
Identifying different patients’ factors like age, sex, severity, or evolution of stroke could be also helpful with the
aim of identifying the target group. In addition, incorporating additional games and further range of movements
in MERLIN system, probably could enhance motivation, which might stimulate a higher effective therapy.

Conclusion
This study demonstrates the usability of home-based MERLIN system in patients with upper limb motor function
impairment after stroke in different stages. The usability analysis showed that almost 100% of the patients who
participated found the system useful, safe and motivating, and all of them achieved moderate clinical
improvement in motor function, according to the average score of Fugl-Meyer.
In this study participants trained 8 additional hours of upper limb rehabilitation at their home with an innovative
approach of neurological rehabilitation, based on serious games using intensive, repetitive, interactive, and
individualized practice. The results of this study reflects that home training with the MERLIN system with a
therapist indirect supervision could be an interesting approach that includes the most important specific aspects
in neurorehabilitation: high-intensity, task-specific, goal-setting, repetitive, functional, meaningful, and
challenging for the patient.
Further research with larger sample of participants including a control group and longer intervention would help
to explore the efficacy of the system and to identify the factors are associated with gathering better results on
neurorehabilitation.
The feasibility of using this low-cost rehabilitation system, easy to learn, easy to use and easy to transport might
suppose an important step towards for an intensive rehabilitation to be transferred to home. Nowadays, this
aspect is very important, especially due to COVID-19 impact.
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AA

ArmAssist

ADL

Activities of Daily Living

ARAT

Action Research Arm Test

CFR

Code of Federal Regulations

FIBICO

Foundation for Biomedical Research in Cordoba; Fundación para la Investigación Biomédica de
Cordoba in Spanish

FuglMeyer

Upper Limb Fugl Meyer Scale

GDPR

General Data Protection Regulation

HIPPA

Health Insurance Portability and Accountability Act

IMI

Intrinsic Motivation Inventory

IMIBIC

Maimonides Biomedical Research Institute (Instituto Maimónides de Investigación Biomédica, in
Spanish)

MAS

Modified Ashworth Scale

P

Participant

QUEST

Quebec User Evaluation of Satisfaction with assistive Technology

REDCap

Research Electronic Data Capture

SD

Standard Deviation

SUS

System Usability Scale

T0

Evaluation measurement pre-intervention

T1

Evaluation measurement at post-training sessions

Declarations

Ethics approval and consent to participate
The experimental protocol has been approved on the 13/09/2019 (18/09/2019-Acta 20) by the Ethical
Committee of Research with Drugs from Cordoba ref. num. 4237, and by the Spanish Agency of Drugs and
Medical Devices (Agencia Española de Medicamentos y Productos Sanitarios – AEMPS in Spanish) on the
15/10/2019 according to the Directive 93/42 on medical devices in research.
The patients who participated in the research were informed about the implications of their participation and
accepted voluntary participating, accepting the informed consent approved by the ethical committee, prior
starting the trials.

Consent for publication
Page 16/25

Informed consent for images publication was included in the patients’ participation informed consent. The
patients were explicitly informed about any image recording and consent was explicitly requested for this action
and for the publication of them ensuring their privacy.

Availability of data and materials
The datasets used and analysed during the current study are available from the uicec@imibic.org on reasonable
request.

Competing interests
The authors declare that they have no competing interests.

Funding
This research is part of a MERLIN project that has received funding from EIT Health. EIT Health is supported by
the European Institute of Innovation and Technology (EIT), a body of the European Union receives support from
the European Union´s Horizon 2020 Research and innovation programme.

Author’s contributions
MNMA, FJMR, and MMR defined the study protocol. FJMR, PCA and MMR were responsible of participants’
recruitment. SGC carried out the study and collected the patients’ data. SGC y AG performed the data analysis
and wrote the manuscript. FJMR participated in the study coordination and design. AG and JARR participated in
the trials providing the technology that was used during the evaluation and gave technological support during
the trials. The information regarding new technology in the manuscript was provided by them. The therapists
that participated in the trials received also some training about the technology organized by TECNALIA.
All authors read and approved the final manuscript.

Acknowledgements
Authors would like to thank the patients who gave up their free time to participate in the evaluation.
Special thanks to C. Rodriguez-de-Pablo, I. Dorronsoro, G. Gaminde, B. Garcia-Mendizabal, E. HernandezJimenez, J.H. Jung, T. Keller, A. Belloso, J. Perry, D. Valencia and H. Zabaleta for their contributions to the system
development and to MERLIN project partners for their participation in the project. Authors would like to thank QJ
Rehab for providing enhanced industrialized version of AA.

References
Page 17/25

1. Johnson CO, Nguyen M, Roth GA, Nichols E, Alam T, Abate D, et al. Global, regional, and national burden of
stroke, 1990-2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurology.
2019;18(5):439-58.
2. Lindsay MP, Norrving B, Sacco RL, Brainin M, Hacke W, Martins S, et al. World Stroke Organization (WSO):
Global Stroke Fact Sheet 2019. International Journal of Stroke. 2019;14(8):806-17.
3. Stinear CM, Lang CE, Zeiler S, Byblow WD. Advances and challenges in stroke rehabilitation. Lancet
Neurology. 2020;19(4):348-60.
4. Coupar F, Pollock A, Rowe P, Weir C, Langhorne P. Predictors of upper limb recovery after stroke: a
systematic review and meta-analysis. Clinical Rehabilitation. 2012;26(4):291-313.
5. Sivan M, Gallagher J, Makower S, Keeling D, Bhakta B, O'Connor RJ, et al. Home-based Computer Assisted
Arm Rehabilitation (hCAAR) robotic device for upper limb exercise after stroke: results of a feasibility study
in home setting. Journal of Neuroengineering and Rehabilitation. 2014;11:16.
6. Masiero S, Armani M, Ferlini G, Rosati G, Rossi A. Randomized Trial of a Robotic Assistive Device for the
Upper Extremity During Early Inpatient Stroke Rehabilitation. Neurorehabilitation and Neural Repair.
2014;28(4):377-86.
7. Wattanapan P, Lukkanapichonchut P, Massakulpan P, Suethanapornkul S, Kuptniratsaikul V. Effectiveness
of Stroke Rehabilitation Compared between Intensive and Nonintensive Rehabilitation Protocol: A
Multicenter Study. Journal of stroke and cerebrovascular diseases : the official journal of National Stroke
Association. 2020:104809.
8. Veerbeek JM, Langbroek-Amersfoort AC, van Wegen EEH, Meskers CGM, Kwakkel G. Effects of RobotAssisted Therapy for the Upper Limb After Stroke: A Systematic Review and Meta-analysis.
Neurorehabilitation and Neural Repair. 2017;31(2):107-21.
9. Veerbeek, J. M., van Wegen, E., van Peppen, R., van der Wees, P. J., Hendriks, E., Rietberg, M., & Kwakkel, G.
What is the evidence for physical therapy poststroke? A systematic review and meta-analysis. PloS one.
2014; 9(2)
10. Morone G, Paolucci S, Mattia D, Pichiorri F, Tramontano M, Iosa M. The 3Ts of the new millennium
neurorehabilitation gym: therapy, technology, translationality. Expert Review of Medical Devices.
2016;13(9):785-7.
11. C. Perry, C. Rodriguez-de-Pablo, F.I. Cavallaro, A. Belloso, T. Keller. Assessment and training in home-based
telerehabilitation of arm mobility impairment. Journal of Accessibility and Design for All (CC) JACCES.
2013; 3(2): 117-135.
12. Winstein CJ, Stein J, Arena R, Bates B, Cherney LR, Cramer SC, et al. Guidelines for Adult Stroke
Rehabilitation and Recovery: A Guideline for Healthcare Professionals from the American Heart
Association/American Stroke Association. Vol. 47, Stroke. 2016. 98–169 p
13. Brewer BR, McDowell SK, Worthen-Chaudhari LC. Poststroke upper extremity rehabilitation: A review of
robotic systems and clinical results. Top Stroke Rehabil. 2007;14(6):22–44.
14. O'Neill C, Proietti T, Nuckols K, Clarke ME, Hohimer C, Cloutier A, et al. Inflatable Soft Wearable Robot for
Reducing Therapist Fatigue During Upper Extremity Rehabilitation in Severe Stroke. Ieee Robotics and
Automation Letters. 2020;5(3):3899-906.

Page 18/25

15. Burgar CG, Lum PS, Shor PC, Van Der Loos HFM. Development of robots for rehabilitation therapy: The Palo
Alto VA/Stanford experience. J Rehabil Res Dev. 2000;37(6):663–73
16. Nijenhuis SM, Prange GB, Amirabdollahian F, Sale P, Infarinato F, Nasr N, et al. Feasibility study into selfadministered training at home using an arm and hand device with motivational gaming environment in
chronic stroke. J Neuroeng Rehabil [Internet]. 2015;12(1). Available from: http://dx.doi.org/10.1186/s12984015-0080-y
17. Popović MD, Kostić MD, Rodić SZ, Konstantinović LM. Feedback-mediated upper extremities exercise:
Increasing patient motivation in poststroke rehabilitation. Biomed Res Int. 2014;2014:11.
18. Rodríguez-de-Pablo C, Popović M, Savić A, Perry JC, Belloso A, Tomić TD, et al. Post-stroke Robotic UpperLimb Telerehabilitation Using Serious Games to Increase Patient Motivation: First Results from ArmAssist
System Clinical Trial. In: Londral AR, Encarnação P, editors. Advances in Neurotechnology, Electronics and
Informatics: Revised Selected Papers from the 2nd International Congress on Neurotechnology, Electronics
and Informatics (NEUROTECHNIX 2014), October 25-26, Rome, Italy [Internet]. Cham: Springer International
Publishing; 2016. p. 63–78. Available from: https://doi.org/10.1007/978-3-319-26242-0_5
19. Nielsen, Jakob, and Landauer, Thomas K.: "A mathematical model of the finding of usability problems,"
Proceedings of ACM INTERCHI'93 Conference (Amsterdam, The Netherlands, 24-29 April 1993), pp. 206213.
20. Garzo A, Ruiz-ruano JA, Dorronsoro I, Gaminde G, Jung JH. MERLIN: upper-limb rehabilitation robot system
for home environment. In: ICNR2020. Submitted; 2020.
21. Antari Home Care [Internet]. Available from: www.gmv.com
22. Rodriguez-De-Pablo C, Rozevink SG, Mayordomo F, Téllez J, Kocić S, Keller T. MERLIN : Homecare Arm
Rehabilitation. In: INRS2019 International Neurorehabilitation Symposium. Toronto; 2019.
23. Perry JC, Zabaleta H, Belloso A, Rodriguez-De-Pablo C, Cavallaro FI, Keller T. ArmAssist: Development of a
functional prototype for at-home telerehabilitation of post-stroke arm impairment. Proc IEEE RAS EMBS Int
Conf Biomed Robot Biomechatronics. 2012;1561–6.
24. Tomic TJD, Savic AM, Vidakovic AS, Rodic SZ, Isakovic MS, Rodriguez-de-Pablo C, et al. ArmAssist Robotic
System versus Matched Conventional Therapy for Poststroke Upper Limb Rehabilitation: A Randomized
Clinical Trial. Biomed Research International. 2017:7.).
25. Rodríguez-De-Pablo C, Perry JC, Balasubramanian S, Belloso A, Saviç A, Tomiç TD, et al. Serious games for
assessment and training in post-stroke robotic upper-limb telerehabilitation. NEUROTECHNIX 2014 - Proc
2nd Int Congr Neurotechnology, Electron Informatics. 2014;126–34.
26. Rodriguez-De-Pablo C, Perry JC, Cavallaro FI, Zabaleta H, Keller T. Development of computer games for
assessment and training in post-stroke arm telerehabilitation. Proc Annu Int Conf IEEE Eng Med Biol Soc
EMBS. 2012;4571–4.
27. Rodríguez-de-Pablo C, Savić A, Keller T. Game-Based Assessment in Upper-Limb Post-stroke
Telerehabilitation. In: Ibáñez J, González-Vargas J, Azorín JM, Akay M, Pons JL, editors. Converging Clinical
and Engineering Research on Neurorehabilitation II. Cham: Springer International Publishing; 2017. p. 413–
7.
28. REDCap.(Internet). [Updated ???; Cited June 2020]. Available in:
https://projectredcap.org/resources/citations/
Page 19/25

29. FIBICO - Fundación para la Investigación Biomédica de Córdoba [Internet]. Available from:
https://www.imibic.org/fibico
30. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research electronic data capture (REDCap)-A
metadata-driven methodology and workflow process for providing translational research informatics
support. Journal of Biomedical Informatics. 2009;42(2):377-81.
31. Harris PA, Taylor R, Minor BL, Elliott V, Fernandez M, O'Neal L, et al. The REDCap consortium: Building an
international community of software platform partners. Journal of Biomedical Informatics. 2019;95.
32. gov. Health Information Privacy [Internet]. Available from: https://www.hhs.gov/hipaa/index.html
33. S. Food & Drug Administration. Part11, Electronic Records; Electronic Signatures - Scope and Application
[Internet]. Available from: https://www.fda.gov/regulatory-information/search-fda-guidancedocuments/part-11-electronic-records-electronic-signatures-scope-and-application
34. The European Parliament and The Council of the European Union. Regulation (EU) 2016/679 of the
European Parliament and of the Council of 27 April 2016 on the protection of natural persons with regard to
the processing of personal data and on the free movement of such data, and repealing Directive 95/46/EC
[Internet]. Brussels; 2016. Available from: https://eur-lex.europa.eu/eli/reg/2016/679/oj
35. Brooke J. SUS: A Quick and Dirty Usability Scale. In: Jordan PW, Thomas B, Weerdmeester BA, McClelland
IL, editors. Usability Evaluation in Industry. London: Taylor & Francis. 1996.
36. McAuley E, Duncan T and Tammen VV. Psychometric properties of the Intrinsic Motivation Inventory in a
competitive sport setting: A confirmatory factor analysis. Res Q Exerc Sport 1989; 60: 48–58.
37. Demers L, Weiss-lambrou R, Ska B. The Quebec User Evaluation of Satisfaction with Assistive Technology
(QUEST 2.0): An overview and recent progress. Technol Disabil. 2002;14:101–5.
38. Sanford J, Moreland J, Swanson LR, Stratford PW, Gowland C. Reliability of the Fugl-Meyer assessment for
testing motor performance in patients following stroke. Physical Therapy. 1993;73 (7):447-54.
39. Luo ZC, Lo WLA, Bian RH, Wong S, Li L. Advanced quantitative estimation methods for spasticity: a
literature review. Journal of International Medical Research.2019(13).
40. IBM Corp. IBM SPSS Statistics for Windows [v 25.0.]. Armonk, NY: IBM Corp; 2017. Available from:
https://www.ibm.com/support/home/
41. Bangor A, Kortum P, Miller J. Determining what individual SUS scores mean: adding an adjective rating
scale. Determ what Individ SUS scores mean adding an adjective Rat scale. 2009;4(3):114–23.
42. Nasr N, Leon B, Mountain G, Nijenhuis SM, Prange G, Sale P, et al. The experience of living with stroke and
using technology: opportunities to engage and co-design with end users. Disability and RehabilitationAssistive Technology. 2016;11(8):653-60.
43. Lum PS, Burgar CG, Shor PC, Majmundar M, Van der Loos M. Robot-assisted movement training compared
with conventional therapy techniques for the rehabilitation of upper-limb motor function after stroke.
Archives of Physical Medicine and Rehabilitation. 2002;83(7):952-9.
44. Chang WH, Kim YH. Robot-assisted Therapy in Stroke Rehabilitation. Journal of Stroke. 2013;15(3):174-81.
45. Straudi S, Severini G, Da Roit M, Pizzongolo LD, Martinuzzi C, Basaglia N. The dose of robot-assisted gait
therapy may influence functional recovery in a multidisciplinary rehabilitation program: an exploratory
retrospective study. International Journal of Rehabilitation Research. 2020;43(2):175-82.

Page 20/25

46. Peretti A, Amenta F, Tayebati SK, Nittari G, Mahdi SS. Telerehabilitation: Review of the State-of-the-Art and
Areas of Application. JMIR rehabilitation and assistive technologies. 2017;4(2):e7.
47. Rogante M, Grigioni M, Cordella D, Giacomozzi C. Ten years of telerehabilitation: A literature overview of
technologies and clinical applications. Neurorehabilitation. 2010;27(4):287-304.
48. Medina J, Acosta-Vargas P, Rybarczyk Y. A Systematic Review of Usability and Accessibility in TeleRehabilitation Systems. Assistive and Rehabilitation Engineering. IntechOpen, 2019.
49. Rehmat N, Zuo J, Meng W, Liu Q, Xie SQ, Liang H. Upper limb rehabilitation using robotic exoskeleton
systems: a systematic review. International Journal of Intelligent Robotics and Applications. 2018;2(3):28395.
50. Wilk R, Johnson MJ, Ieee, editors. Usability Feedback of Patients and Therapists on a Conceptual Mobile
Service Robot for Inpatient and Home-based Stroke Rehabilitation. 5th IEEE RAS/EMBS International
Conference on Biomedical Robotics and Biomechatronics (BioRob); 2014 Aug 12-15; Sao Paulo, BRAZIL.
NEW YORK: Ieee; 2014.
51. Held JP, Ferrer B, Mainetti R, Steblin A, Hertler B, Moreno-Conde A, et al. Autonomous rehabilitation at stroke
patients home for balance and gait: safety, usability and compliance of a virtual reality system. European
Journal of Physical and Rehabilitation Medicine. 2018;54(4):545-53.
52. Nijenhuis SM, Prange GB, Amirabdollahian F, Sale P, Infarinato F, Nasr N, et al. Feasibility study into selfadministered training at home using an arm and hand device with motivational gaming environment in
chronic stroke. Journal of Neuroengineering and Rehabilitation. 2015;12:12.
53. Radder B, Prange-Lasonder GB, Kottink AI, Gaasbeek L, Holmberg J, Meyer T, et al. A wearable soft-robotic
glove enables hand support in ADL and rehabilitation: A feasibility study on the assistive functionality.
Journal of rehabilitation and assistive technologies engineering. 2016;3:2055668316670553-.
54. Ferreira FMR, Chaves MEA, Oliveira VC, Van Petten A, Vimieiro CBS. Effectiveness of robot therapy on body
function and structure in people with limited upper limb function: A systematic review and meta-analysis.
Plos One. 2018;13(7):21.
55. Prange GB, Jannink MJ, Groothuis-Oudshoorn CG, Hermens HJ, Ijzerman MJ. Systematic review of the
effect of robot-aided therapy on recovery of the hemiparetic arm after stroke. J Rehabil Res Dev.
2006;43(2):171–84.
56. Roach, E. S., Bettermann, K., & Biller, J. Toole's cerebrovascular disorders. Sixth ed. Cambridge University
Press. 2010.
57. Lee KB, Lim SH, Kim KH, Kim KJ, Kim YR, Chang WN, et al. Six-month functional recovery of stroke patients:
a multi-time-point study. International Journal of Rehabilitation Research. 2015;38(2):173-80.
58. Phadke CP, Balasubramanian CK, Ismail F, Boulias C. Revisiting Physiologic and Psychologic Triggers that
Increase Spasticity. American Journal of Physical Medicine & Rehabilitation. 2013;92(4):357-69.

Figures

Page 21/25

Figure 1
AA system.
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Figure 2
Adaptations made on the system for the home use. Left: mat adaptation. Right: package.

Figure 3
MERLIN system. On the right: See the results of the therapy on the therapist panel. On the left: see the evolution
of the therapy on the patient panel.
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Figure 4
Usability study pictures. Left: session at IMIBIC facilities. Right: session at home environment.

Figure 5
Individuals results in SUS Scale (0-100%).
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Figure 6
Individuals results. QUEST Scale (left) and IMI Adapted Scale (right).
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