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Abstract

Background Robotic therapy and serious gaming support motor learning in neurorehabilitation. Traditional monitor-
based gaming outputs cannot adequately represent the third dimension, whereas virtual reality headsets lack the
connection to the real world. The use of Augmented Reality (AR) techniques could potentially overcome these issues.
The objective of this study was thus to evaluate the usability, feasibility and functionality of a novel arm rehabilitation
device for neurorehabilitation (RobExReha system) based on a robotic arm (LBR iiwa, KUKA AG) and serious gaming
using the AR headset Hololens (Microsoft Inc.).

Methods The RobExReha system was tested with eleven adult inpatients (mean age: 64.4 + 11.2 years; diagnoses:

8 stroke, 2 spinal cord injury, 1 Guillain-Barré-Syndrome) who had paretic impairments in their upper limb. Five
therapists administered and evaluated the system. Data was compared with a Reference Group (eleven inpatients;
mean age: 64.3+9.1 years; diagnoses: 10 stroke, 1 spinal cord injury) who trained with commercially available robotic
therapy devices (ArmeoPower or ArmeoSpring, Hocoma AG). Patients used standardized questionnaires for evaluating
usability and comfort (Quebec User Evaluation of Satisfaction with assistive technology [QUEST]), workload (Raw
Task Load Index [RTLX]) and a questionnaire for rating visual perception of the gaming scenario. Therapists used the
QUEST, the System Usability Scale and the short version of the User Experience Questionnaire.

Results Therapy with the RobExReha system was safe and feasible for patients and therapists, with no serious
adverse events being reported. Patients and therapists were generally satisfied with usability. The patients’ usability
ratings were significantly higher in the Reference Group for two items of the QUEST: reliability and ease of use.
Workload (RTLX) ratings did not differ significantly between the groups. Nearly all patients using the RobExReha
system perceived the gaming scenario in AR as functioning adequately despite eight patients having impairments in
stereoscopic vision. The therapists valued the system’s approach as interesting and inventive.

Conclusions We demonstrated the clinical feasibility of combining a novel robotic upper limb robot with an

AR-serious game in a neurorehabilitation setting. To ensure high usability in future applications, a reliable and easy-to-
use system that can be used for task-oriented training should be implemented.
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Trial registration Ethical approval was obtained and the trial was registered at the German Clinical Trials Register

(DRKS00022136).

Keywords Augmented reality, Virtual reality, Active video gaming, Stroke, Neurorehabilitation, Robotic therapy

Background

Neurological rehabilitation is crucial to public health, as
a substantial part of the population is affected by neuro-
logical diseases throughout their life. Stroke, for example,
has a one-year-prevalence of about 1.6% in the German
adult population, increasing with age to over 6% in peo-
ple over the age of 75 [1]. Considering the demographic
change, the number of persons suffering from lasting dis-
abilities after stroke are projected to increase [2, 3].

After damage to the central nervous system, neural
plasticity enables the brain to adapt in response to motor
learning [4]. To achieve this, it is recommended to per-
form a highly intensive, repetitive and task-specific reha-
bilitation [5]. However, this requires extensive time and
personnel investments. Moreover, the patient’s attention
and motivation are crucial for acquiring high dosages of
training [6]. Both robot-assisted therapeutic devices [7]
as well as serious gaming approaches [8] address those
challenges. They are already combined in many commer-
cially available robotic devices for the upper limb (e.g.,
ArmeoPower (Hocoma AG, CH) or AMADEO (Tyromo-
tion GmbH, AT)) supplementing neurorehabilitation [9,
10]. These systems commonly use a standard monitor for
displaying the gaming environment, which may lack an
intuitive representation of the third dimension (depth)
and thus the possibility to practice relevant everyday life
movements and tasks. Head-mounted displays as the
gaming environment manage to represent a virtual, real-
istic third dimension [11]. However, using fully-immer-
sive virtual reality glasses may induce motion sickness, as
there is a complete loss of reference to the real world. The
use of Augmented Reality (AR) head-mounted displays,
such as the HoloLens (Microsoft, US), seem to overcome
this issue [12].

AR generally has beneficial effects for the learning
of spatial tasks [13]. First attempts have introduced AR
technology in neurorehabilitation demonstrating overall
good feasibility and user experience [14]. To our knowl-
edge, the HoloLens with a head-mounted AR-display has
only been used with neurological patients in a few explor-
atory trials; for example, Rohrbach et al. (2019, 2021)
used the HoloLens to improve the pantomime perfor-
mance of patients with apraxia and to support ADL tasks
in patients with dementia. Further applications were in
patient education before surgery of epilepsy patients [15],
in gait training in patients after stroke [16] or with Par-
kinson’s Disease [17] or during the evaluation of vision in
patients after stroke [18]. Concerns have been raised that
elderly and/or persons with cognitive, sensory and visual

impairments (which might occur due to stroke) face dif-
ficulties in perceiving the three-dimensionality of an AR
environment [18]. Previous research has shown that, in
patients after stroke using the HoloLens, impairments in
stereovision and consequently depth and distance judge-
ment within the AR environment were present [18].

Therefore, in patients with upper limb disabilities due
to stoke, our approach was to combine AR with a robotic
device to administer a serious gaming therapy. We were
also particularly interested if it was possible to cre-
ate a gaming situation with an easily perceptible depth
dimension.

The objective of this pilot proof-of-concept study was
to evaluate the device’s safety, clinical feasibility, usability,
and potential benefits, as recommended by Maciejasz et
al. [19].

Methods

User

This study had three groups of users: eleven patients
(“RobExReha-Patients”) (aged 64.4%t11.2 years, range
47-85) and five therapists (“RobExReha-Therapists”)
(aged 38.2+16.0 years, range 23-57) who evaluated the
RobExReha device and an additional eleven age-matched
patients (“Reference Group”) (aged 64.31£9.1 vyears,
range 49-79) were allocated to the reference group (see
Table 1). The RobExReha-Patients group received, and
the RobExReha-Therapists group administered train-
ing sessions using the RobExReha device; the Reference
Group trained with state-of-the-art commercially avail-
able and established devices (ArmeoSpring and Armeo-
Power, both Hocoma AG, CH). Both devices are typically
used for arm and hand therapy in neurological or ortho-
pedic rehabilitation and have proven to be effective
[20-22]. Moreover, as established devices, they provide
a good usability [23] and allow therapists to supervise
more than one patient at a time [24]. They both combine
a mechanical support of the upper extremity (either pas-
sive by a spring-loaded system (ArmeoSpring) or actu-
ated (ArmeoPower)) with a variety of serious games
presented on a standard monitor. These devices will not
be further described hereinafter as they are widely dis-
tributed and known.

Inclusion criteria for patients were a subacute or
chronic paresis of the upper limb due to neurological
disorders, preserved language comprehension, ability to
communicate, orientation in space and time, ability to sit
upright for at least 45 min, and the completion of at least
four training sessions with the respective therapy device
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RobExReha-Patients RobExReha-Therapists Reference Group
Sample size 11 5 11
Age in years M+ SD (range) 644+11.2(47-85) 38.2+16.0 (23-57) 64.3+9.1 (49-79)
Gender (male/female) 9/2 1/4 9/2
Diagnosis Stroke (n=8) - Stroke (n=10)

Spinal cord injury (n=2)
Guillain-Barré-Syndrome (n=1)

Time since paresis in days 3474611 (35-2151)
M=SD (range)
Affected side (left/right/both) -/7/3

Spinal cord injury (n=1)
- 257+403 (32-1452)

- 7/3/1

M: mean, SD: standard deviation

(RobExReha or Armeo). Further device-related inclusion
criteria for the RobExReha-Patients group were ability
to reach the clip-in-position of the robotic device at 30°
abduction of the shoulder, impairment on the right side,
and normal or appropriately corrected vision.

We excluded patients with craniotomy, instable frac-
tures, fixated contractions, active implants, epilepsy and
severe instabilities, severe spasticity (Modified Ashworth
Scale>3, [25]) or open skin defects of the affected upper
limb. Further, patients were screened by the treating neu-
rologist for severe neuropsychological problems such as
apraxia, severe neglect, severe aphasia or dementia.

Stereoscopic vision was evaluated using the Titmus-
Test (Stereo Optical Co., Chicago, IL) but was not a lim-
iting factor for study inclusion. The mean stereoscopic
vision of the RobExReha-Patients group was 405+983 arc
sec (median: 100 arc sec; range 40—3352 arc sec). With
defining the cut-off score for unimpaired stereoscopic
vision at 60 arc sec [18], seven patients showed impair-
ments in stereoscopic vision and four patients were able
to see stereoscopically well. All except one patient were
able to see better or equivalent to 400 arc seconds.

The five therapists administering the therapy had a
working experience of 9.8+8.2 years in neurorehabilita-
tion (min-max: 1-23 y.). They were either physiothera-
pists (n=2), a sport therapist (n=1), a health scientist
(n=1) or a specially trained staff member for robotic
upper limb therapy without specific health care profes-
sion (n=1). Two of the therapists were highly trained
using other robotic devices daily, and three of them had
not regularly used robotic therapy. The technical affinity
questionnaire (TA-EG) [26] was administered to describe
their technical affinity. This questionnaire evaluates the
positive and negative attitudes as well as competence and
enthusiasm towards technology. The items are answered
on a five-point Likert-Scale. The result is the mean value
of the items with 1 indicating a low, and 5 indicating a
high technical affinity. The therapists had an overall
medium to high technical affinity, with an average of 3.4
(min: 3.1 max: 4.1) points (out of 5) in the TA-EG.

All participants gave informed written consent. Eth-
ics approval was obtained (Ethikkommission der

Bayerischen Landesédrztekammer) and the study was
registered in the German Clinical Trials Register
(DRKS00022136).

Technology

The RobExReha robotic system should meet the demand
to provide (adaptive) support to the patient, while ensur-
ing a high level of safety. Therefore, the commercially
available LBR iiwa robotic arm (KUKA AG, DE) was cho-
sen, which is designed for safe human-robot interactions.
The robotic arm was mounted on a cart in a 45° angle and
interfaced with the patients’ right arm at the robot flange
(see Fig. 1). The robotic setup was further interfaced with
a custom-made Unity application (Unity Technologies,
US) for the HoloLens (Microsoft Inc., US) that enabled
patients to perform active serious gaming with robotic
support for the impaired arm (see Fig. 2). The Micro-
soft HoloLens (Microsoft Corp., US) was chosen as the
AR device, as it had already been implemented in various
contexts (e.g., surgical aids, medical education, industrial
engineering) [27], including in stroke [28]. The different
components were linked within a separate network via
ethernet cables and the HoloLens was wirelessly con-
nected. Robot information including position of flange
and axes as well as active forces for data analyses were
saved with a sampling rate of 25 Hz.

Arm-robot interface

To connect the patient’s arm to the robot flange, a
mechanical human-machine interface comprising a
brace on the upper and lower arm and a counterpart on
the robotic flange was developed. The brace consisted
of two 3D printed shells (Fig. 2), which were available in
two different sizes. The upper and lower arm shells were
connected via a ferromagnetic steel plate, that featured a
joint at the height of the elbow (see Fig. 2). The brace was
donned on the patient’s arm by a therapist and fixed with
Velcro straps.

Subsequently, the steel plate of the brace (Fig. 2A/B)
could be attached magnetically to the carbon plates
fixed at the flange (Fig. 2C). It was thereby ensured by
a bolt and stop to prevent the angle of the elbow from
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Fig. 1 Left: subject using the RobExReha system with the HoloLens for the gaming application. Right: arm-robot interface used by a patient during the
therapy with the RobExReha system

Fig. 2 Arm-robot interface of the RobExReha system: Picture A and B show the elbow brace, picture € shows the counterpart on the robotic flange,
which consisted of two carbon fibre plates with three electromagnets attached on each. The two plates were connected via a joint at the robot flange.
The plate supporting the upper arm was rotatable, while the second plate for the forearm was fixed on the flange and could therefore be controlled by

the robotic movement. Picture D shows the hand module

exceeding 180°. The electromagnets for the connection of
the brace had a nominal force of about 210 N. This was
strong enough to hold the brace with the arm in position
but weak enough to release it quickly by a therapist in
case of emergency.

A hand module with a grip hold was attached to the
carbon plate that guided the lower arm (see Fig. 2D). The
position of the hand module could be easily adjusted to
the length of the lower arm with a screwed connection.

Calibration procedure

To calibrate the position of the robot, the shoulder height
and upper arm length were manually measured using a
measuring tape in the beginning of the first session and
entered in the software. At the beginning of each ses-
sion, the robot moved the flange to the respective clip-in
position at 30° shoulder abduction. Once the brace was
clipped to the arm, the arm was weighed by the robot to
enable the calibration of robotic support. Afterwards, the
patient’s specific range of motion (ROM) was evaluated,

which consisted of two assessments: the active ROM,
in which the patient could actively move the impaired
arm, and the passive ROM without pain as guided and
determined by the therapist. The passive ROM typically
exceeded the active ROM in patients. This differentiation
enabled the implementation of two different robotic sup-
port modes: (A) The support level was set to a constant
level for both ranges, or (B) the support level within the
active ROM was set to a constant level while the sup-
port of the movement beyond the active ROM increased
dynamically until the patient achieved the desired move-
ment. The robot enabled six support levels that were
adjustable with increments of 20%, from 0 to 100%.

Safety features

To ensure the patients’ safety, the robot’s movements
were restricted to the respective patient’s passive ROM.
An additional safety feature was an automated stop in
case the active sum force of all axes exceeded 30 Nm.
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Fig. 3 View through the HoloLens with the gaming scenario: a blue hand (yellow arrows) could select puzzles pieces. Once a piece was selected, the
hand closed (see right figure) and the piece could be moved to the building

Table 2 Overview over the standardized questionnaires used for the usability evaluation

Questionnaire RobExReha -Patients RobExReha-Therapists Reference
Group

Device subscale of QUEST X X X

Raw Task Load Index X - X

PAR X -

SUS - X -

UEQ-short - X -

QUEST: Quebec User Evaluation of Satisfaction with assistive technology, pAR: presence in augmented reality questionnaire, SUS: System Usability Scale, UEQ-short:

short version of the User Experience Questionnaire

Moreover, a safety stop button for the supervising thera-
pist was implemented.

To give feedback about compensatory movements of
the trunk or shoulder girdle, an alert was implemented
to notify both therapists and patients if the patient’s
shoulder position (i.e., the acromion) left the anticipated
position. In case this position deviated more than a pre-
defined threshold from the initial shoulder position, a
visual alert was displayed in the gaming environment.
Initially, the threshold of this shoulder compensation
alert was set to a range of 5 cm around the ideal shoulder
position. However, the alert tended to be displayed too
early and too frequent and thus interrupted the gaming
experience. After increasing the threshold to 7.5 cm, the
alert only appeared in cases where a relevant compensa-
tory movement was visually evident for the supervising
therapist. The patients reacted adequately by actively cor-
recting the position of their shoulder.

Gaming scenario

The training setup included an AR-game for HoloLens.
The training game was based on a 3D puzzle (see Fig. 3):
A building (e.g., tower, house) and a blue hand appeared
within the field of view of the patient. Subsequently, the

building fell into pieces, with its contours remaining.
The pieces were spread in front of the building within
the patient’s specific active ROM. The designated target
positions for the rebuilding process of the building were
within the range of the patient’s passive ROM. The blue
hand served as controller and it was moved by the posi-
tion of the real hand. Once the virtual hand approached a
puzzle piece, the virtual fingers grabbed the piece. Next,
the respective target position of the grabbed piece was
indicated and the piece could be moved to the target
position, automatically being released by the hand.

The difficulty of the game could be adjusted via the dis-
tance and size of the building with respect to the hand
position, which led to a smaller/greater required travel
distance of the patient’s hand to reach the designated
spot. This, along with the robotic support level, could be
also adjusted while gaming.

Study protocol

To evaluate the usability and feasibility, the groups used
the devices (either directly as a patient or administer-
ing the therapy as therapist). After at least four sessions,
their experience was evaluated using questionnaires
(see Table 2). Additionally, during the training with the
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RobExReha device, all technical difficulties, user errors
or safety aspects were documented (Fig. 4). Ten out of
eleven patients of the RobExReha-Patients group addi-
tionally completed an extra (fifth) therapy session which
was recorded using a video protocol to investigate the
donning and set-up time of the RobExReha device.

User activity

RobExReha-patients group Patients in the RobExReha-
Patients group received training with the RobExReha
device. A session consisted of the donning and setup of
the device, subsequent gaming therapy, termination of
the session and doffing of the device. Amount and mode
of robotic support as well as the length of the gaming
sessions were adjusted by the therapist according to the

patient’s needs. Figure 5 shows the User Interface to con-
figure these parameters.

RobExReha-therapists group The therapists adminis-
tered the RobExReha device in at least five sessions to a
patient before answering the questionnaire. They were
responsible for donning, doffing, and configuring the
training session as well as supervising the patient.

Reference group The patients in the Reference Group
received rehabilitation training with the commercially
available ArmeoPower or ArmeoSpring (Hocoma AG,
Switzerland) as part of their inpatient schedule. Six
patients in the Reference Group trained with the Armeo-
Power device and five with the ArmeoSpring device, with
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a mean of 15 (£25, min: 4, max: 90) completed therapy
sessions. They received no further intervention regard-
ing this study. This data acquisition was done during the
developmental stage of the RobExReha device and thus
before the data acquisition of the RobExReha device.

Questionnaires

Patients’ questionnaire Both patient groups filled out
the Quebec User Evaluation of Satisfaction with assistive
Technology (QUEST) [29] and the Raw Task load index
(RTLX) [30]. The QUEST was designed to measure the
level of satisfaction attributable to assistive technolo-
gies. We used the device subscale score (8 items), which
was scored in terms of perceived satisfaction from 0 to
5 (5~highly satisfied) and had been previously applied
to measure satisfaction with rehabilitation and assistive
robotic devices [31]. We used the QUEST without indi-
vidual weighting of results and item four was changed to
“reliability and safety” in deviation from the original scale.
The item “how satisfied are you with the durability of the
device?” was excluded, as no meaningful evaluation after
the intervention period of four to five sessions was possi-
ble. The RTLX evaluates the workload using six subjective
subscales: mental, physical and temporal demand, perfor-
mance, effort and frustration. Each item is rated within a
100-points range. The mean value is calculated to receive
the overall task load index. We used the raw version with-
out individual weighting of these subscales. A value of 100

suggests very high task demands or very high failure in
terms of performance [32].

As the RobExReha-Patients group used the HoloLens
for the gaming environment, they additionally filled out
the “presence in augmented reality” (pAR) questionnaire
(adapted from [33]). The pAR questionnaire evaluates
the patients’ impression of the output of the HoloLens.
The questionnaire was adapted by turning questions into
statements that could be answered with a 5-point Likert
scale (5~totally agree).

Therapists’ questionnaire The therapists completed a
questionnaire consisting of the same adapted device sub-
scale of the QUEST as the patients, the system usability
scale (SUS) [34] and the short version of the User Expe-
rience Questionnaire (UEQ-short) [35] to express their
perception of the device’s usability.

Statistical methods

The results were evaluated descriptively and the results of
QUEST and RTLX from the RobExReha-Patients and the
Reference Group were compared using Mann-Whitney
U-test. Due to the exploratory character of the study, no
correction for multiple comparisons was done. Analyses
were done in Matlab (The MathWorks Inc., US) and SPSS
(IBM, US). The alpha level was set to 0.05 for all analyses.
Data is presented as either the mean (fstandard devia-
tion) or the median (min-max).
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Results

Safety

No serious adverse events occurred and none of the
patients mentioned feeling unsafe at any time. However,
one study-related non-serious adverse event was regis-
tered: temporary shoulder pain, which vanished within
an hour after the therapeutic intervention. This patient
had an unstable sitting posture in the wheelchair, which
likely contributed to the shoulder pain.

Three of 54 therapy sessions had to be terminated ear-
lier due to technical problems and four due to patient
reasons (lack of attention, discomfort in the wheelchair
or onset of shoulder pain).

Usability
Feasibility and technical aspects
Concerning the robotic set up, the positioning of the LBR
arm on the cart (Fig. 2) was found to be unfavorable as
it sometimes led to restrictions of certain parts of the
abduction-elevation movements. Patients perceived this,
as if the robot sometimes was “working against them”.
Further, they mentioned that the system was not always
operating smoothly (e.g., due to connection errors, soft-
ware errors or safety stops of the LBR robot), which led
them to rate the “reliability and safety” of the RobExReha
system as the least satisfying component in the QUEST
questionnaire. Regarding the HoloLens, three patients
perceived the glasses as slightly unhandy, heavy or ill-fit-
ting, which led to lower scores in the questionnaires (e.g.,
QUEST). In another five instances, the glasses slipped
onto the nose and required readjustment by the therapist.
For three patients, the arm weighing process did not
function as intended. As a result, the default weight of
0.01 kg was shown by the robot and the weight needed to
be estimated and corrected manually. These patients suf-
fered pronounced spasticity in the elbow flexors.

Video protocol - donning and doffing times

Starting and preparing the RobExReha system included
the activation of the system and HoloLens, the connec-
tion of the HoloLens to the robot, donning the elbow
brace onto the patient’s arm and connecting it to the
robot flange, weighing of the arm as well as preparation
and donning of the HoloLens. This collectively took a
median of 293 s (range 173-452 s). The two most time-
consuming steps of the starting procedure were donning
the HoloLens, which took a median of 49 s (10-151 s),
and donning of the elbow brace, which took a median of
47 s (40-100 s).

Termination and doffing of the RobExReha system
included a pain assessment, disconnecting the brace from
the robot and doffing of the brace and HoloLens. In total,
this took a median of 67.5 s (29-114 s). Doffing the Holo-
Lens took a median of 17.5 s (13-37 s). Disconnecting
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the brace from the robot was perceived as easy, which
was reflected by the median disconnection time of 12 s
(6-28s).

Questionnaires

Patients’ perspective - usability The results of the
QUEST (see Fig. 6) show that patients were generally sat-
isfied with the evaluated aspects of the robotic arm ther-
apy with median values being 4 or 5 (~ satisfied/very satis-
fied) for all items in both groups. The overall results from
the RobExReha-Patients group (Mean 3.9+0.4) differed
significantly (p=0.02) from the ratings by the Reference
Group (Mean 4.410.4). Item-wise, there were significant
differences for the items “reliability and safety” and “easy
to use” (both p<0.001). Regarding the other items, no sig-
nificant differences were found (p>0.07).

The RobExReha-Patients found the arm orthosis, grip
module and HoloLens AR-glasses to have limitations:
Four patients mentioned that the orthosis (especially
the part for the upper arm) could be more comfortable.
Four patients found the grip module to be uncomfortable
or not be adaptable enough (in length and/or in wrist
motion). Two patients mentioned the HoloLens being
uncomfortable or heavy.

Patients’ perspective - task load The results of the RTLX
questionnaire are displayed in Fig. 7. Mann-Whitney-
U-Test revealed no significant differences between the
groups for each RTLX category (p=0.06). The overall
mean RTLX score was 41.7 (£12.6)for the RobExReha-
Patients group and 34.1 (+15.8) for the Reference Group
(p=0.22).

Patients’ perspective — 3D perception The results from
the pAR questionnaire are shown in Fig. 8. All except one
patient perceived the objects as three-dimensional and
situated in space. This patient, however, remarked that
although he saw the virtual objects as merely flat, pro-
gressively he adapted and learned to perceive them three-
dimensionally and located in space. This patient had only
minor impairments in stereoscopic vision (ability to see
80 arc sec in the Titmus test). Regarding the other state-
ments, the results were less concurring. However, consid-
ering the median values, most patients (1) paid attention
to the difference between real and virtual objects, (2) had
the impression that they could have touched and grasped
the virtual objects and (3) felt that watching them was just
as natural as watching the real world.

Further remarks from the patients regarding the visual-
ization of the game through the HoloLens concerned the
limited field of view. This led to difficulty in understand-
ing the game (two patients) and the process of applying
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| saw the virtual objects as merely flat images rather than as three-_|
dimensional objects

The virtual objects appeared to be on a screen rather than being_|
located in space

| had to make an effort to recognize the virtual objects as being three-_|
dimensional

| paid attention to the difference between real and virtual objects|

| had the impression that | could have touched and grasped the virtual |
objects

watching the virtual objects was just as natural as watching the real|
world

Fig. 8 Results of the presence in Augmented Reality (pAR) questionnaire

and adjusting the glasses, which one patient perceived as
taking too much time.

Therapists’ perspective The therapists that administered
the RobExReha system rated the usability overall slightly
lower in the QUEST (mean: 3,7+0.7, range: 2.8—4.6)
than the patient groups. The items that were ranked low-
est were “reliability and safety” (3.1£0.7), “effectiveness”
(3.3%1.5) and “adjustability” (3.5£0.7). The QUEST item
ranked highest by the therapists was the “dimension”
(mean: 4.8+0.5). The overall mean usability as measured
with the SUS was 60.5 (SD 21.8 range 25-82.5). The UEQ-
short (Fig. 9C) revealed that the device was perceived as
“exiting’, “interesting’, “inventive” and “leading edge” by all
therapists. Regarding the clearness and efficiency, there

T T T T T
1 2 3 4 5

strongly agree  <-------oooooooo-- > strongly disagree

was an indecisive rating with a median at 0 points. Some
therapists experienced the RobExReha system as more
complicated, however, the median tended slightly towards
easy. Further, in the therapists there was a tendency to
rate the system as supportive rather than obstructive. No
correlation between the technical affinity and the SUS or
UEQ scores could be found. However, the two subscales
“complicated — simple” and “confusing — clear” might cor-
relate with the ratings of the SUS (see Fig. 9D). Therapist
T3, who rated the system as complicated and confusing,
explained that she would need more training to better
understand the administering process and perceived the
system instabilities that sometimes required rebooting as
complicated.



Crignis de et al. Journal of NeuroEngineering and Rehabilitation

QUEST Score

T T T T
dimension adjustability I easy to use effectiveness

weight reliability comfort
QUEST Item
c
usual . | | leading edge
conventional * | inventive
not interesting Bz | interesting
boring Wz | exciting
confusing — R clear
inefficient * | efficient
complicated | =LA easy
obstructive —— supportive
T T T T T r T
-3 -2 -1 0 1 2 3
UEQ-Score

(2023) 20:105

Page 10 of 14

B s
)
e 4
p } }
=
18
<
<
T 2
L
{ =]
N -
3 1
[
0
<& ¢ ¥ & &
é\'b% N2 & »&\0 "oé)
& & & 2 >
& § 2 2 &
& o & N K
& R 3
D € @

=& SUS-Score
== complicated-simple
+++ @+ confusing-clear

System Usability Scale

T T2 T3 T4 T5
therapist

Fig. 9 Results of the evaluation by the RobExReha-Therapists Group: (A) Results from the Quebec User Evaluation of Satisfaction with assistive Technol-
ogy (QUEST) Questionnaire, please note, that the therapists answered this twice (for the robotic part and the HoloLens gaming part of the device). The
mean of these two are reported (QUEST-Score from 0 to 5; 5=highly satisfied) (B) Results of the technical affinity Questionnaire (TA-EG) (TA-EG-Score
from 1 to 5; 5=high technical affinity) (C) Results of the User Experience Questionnaire-short (UEQ-short) and (D) the individual results from the System
Usability Scale (SUS-Score: 100= very good usability) and selected items of the UEQ-short: (-3=negative rating, 3 = positive rating) (right). T=Therapist.

The two aspects that the therapists liked most about
the system were the integration of the Augmented Reality
Gaming aspect, and the donning procedure of the robotic
device. The magnetic coupling of the brace enables the
therapists to don and adjust the brace in a comfortable
position prior to connecting the arm to the robot, which
was perceived as highly usable.

Discussion

The objective was to evaluate the safety, clinical feasibil-
ity and usability, and potential benefits of a novel arm
rehabilitation device based on an LBR robot and a serious
game in AR (RobExReha system), from both a patient’s
and therapist’s perspective. Key results indicate a safe
use of the device with neurologically impaired patients
and an acceptable to good usability reported by patients’

and therapists’ questionnaires. The combination of aug-
mented reality using the HoloLens with a robotic arm
training has shown to work for the patients that par-
ticipated in the study. Furthermore, some features were
identified that need improvement, such as an increase in
system stability or better adjustability of the arm orthosis.

Safety and clinical feasibility

The results suggest that the use of the RobExReha system
was safe and feasible in neurological patients. None of
the patients mentioned safety concerns. The occurrence
of shoulder pain in one patient, however, highlights that
special caution should be taken when treating patients
with limited stability in the trunk and shoulder girdle
with the RobexReha system.
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The positioning of the LBR arm in the RobexReha sys-
tem needs further adjustments to meet the needs of the
patients’ range of motion, as it led to movement constric-
tions in some cases. The implementation of the compen-
sation alert for detecting shoulder compensation proved
to be useful once the threshold was properly adjusted.
We believe that the alert successfully helped the patients
to re-focus on the trunk stability without therapist inter-
vention. Such functionality is very useful for enhancing
self-efficacy and reducing the supervision effort.

The HoloLens was generally feasible and well-tolerated
with only minor fitting issues.

Donning and doffing

Most patients found that the device was relatively easy
to put on. From a therapist’s perspective, only one thera-
pist mentioned difficulties, specifically in the connection
process of the elbow brace to the flange: sometimes the
robot seemed to be in a slightly incorrect position. The
large range of donning times of the HoloLens, from 10
to 151 s, reflects connection issues that were apparent in
some cases. Despite this, the therapists valued the con-
cept of the human-machine interface and perceived the
donning and doffing times as acceptable. Particularly,
the magnetic fixture of the elbow brace showed to be
practicable in a clinical context, as it allows to don the
brace in any comfortable position before attaching it to
the robot. It also ensures a fast and easy disconnection
from the robot. Regarding the donning and doffing times,
this is supported by the results of Oliveira et al. [36] who
reported an average of 206 s and 101 s for donning and
doffing, respectively, for a robotic upper limb device;
this was faster in donning and slower in doffing than the
RobExReha procedure.

Patients’ perspective
Usability questionnaires
Due to the prototype stage of the RobExReha device, we
anticipated lower usability in the QUEST when com-
pared to the Armeo Reference Group. However, this was
only confirmed for the overall score and the items “reli-
ability and safety” and “easy to use” Yet, usability was
generally rated positive by the patients in all question-
naires. Moreover, the mean QUEST score seems reason-
able for a newly developed device, as it is comparable to
the results from Guillén-Climent et al. who examined the
usability of another novel rehabilitation device for upper
extremity using robotics and serious gaming [37].
Features largely contributing to these lower ratings
were the hand module (insufficient adjustability of length
and wrist positions), the upper part of the arm orthosis
(discomfort) and the HoloLens (too heavy or ill-fitting).
The first two issues could be addressed during fur-
ther developmental iterations of the robotic interface.
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Concerning the AR glasses, the HoloLens 2 (Micro-
soft Corp., US), might offer a greater field of view and
improved comfortability. Additionally, the categories
“reliability” and “safety” should be assessed separately in
future evaluations, as lower perceived reliability largely
contributed to the low ratings of this item, and no patient
mentioned feeling unsafe at any moment.

Workload

The overall workload in the RTLX tended to be higher
in the RobExReha group with a mean score of 41.7 com-
pared to the Reference Group (mean: 34.1) without
reaching a significant difference neither in the overall
score nor domain-wise. Those are slightly lower com-
pared to global work load scores, where video gaming
had a median RTLX score of 56.5 [38], and to a serious
gaming intervention in patients with chronic regional
pain syndrome (mean 50.9) [39]. This could reflect that
the demand of the robotic gaming therapy could poten-
tially be higher for some patients. However, in neuroreha-
bilitation the game design is particularly challenging, as
it needs to be individually adaptable to both the patient’s
physical and cognitive abilities. In this trial, due to the
inclusion and exclusion criteria, the patients were fairly
homogeneous in terms of mental abilities. Still, some
patients needed some time and verbal explanation to
understand the game. Therapeutic presence and guid-
ance therefore were still vital aspects.

3D perception

The gaming environment in AR was an important focus
of this study. Specifically, concerns regarding the spatial
perception of stroke patients when using the HoloLens
were of interest. The feasibility of using the HoloLens
in neurological patients as shown by Rohrbach et al.
[28, 40], House et al. [15], Held et al. [16], Janssen et al.
[17] and Hohler et al. [18] was confirmed and extended
towards its application in combination with robotic sup-
port. Regarding the usability, we found the setup was
generally practicable and the donning and doffing pro-
cedure fast. However, the donning procedure initially
required a little practice, especially regarding the small
field of view: if the HoloLens is not adjusted properly, it is
likely that the patient can only see part of the projection
area, limiting the field of view.

Regarding the AR perception by the patients, our
results are very promising: All patients perceived or
learned to perceive the holograms as three-dimensional
and placed in space, with limited effort. Considering eight
patients had impairments in stereoscopic vision, this is a
remarkable finding. Still, the visual perception was chal-
lenging for one patient with reduced mobility of the cer-
vical spine. As the field of view of the HoloLens is limited,
the implemented game required the patients to explore
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the space in front of them actively by moving their head.
In the implemented game, the holograms were placed in
space, without linking them to physical objects within the
room (e.g., placing a hologram on an actual table).

It can be hypothesized that the linking of the holograms
onto real objects, preferably in a realistic setting (e.g., a
table or shelf), could not only increase the meaningful-
ness of the game, but also facilitate the identification of
the holograms in space. Nevertheless, as the individual-
ized combination of different technologies guides the way
to future rehabilitation [41], our results demonstrate the
feasibility of combining robotics and AR-technology in
patients with neurologically-induced upper limb deficits.

Therapists’ perspective

The system was rated by the therapists in the UEQ-S as
“leading edge’, “inventive’, “interesting” and “exciting’,
despite some improvable features (as mentioned above)
and the limitations in system stability. The overall usabil-
ity as measured with the SUS was 60.5+21.8 (25-82.5),
which corresponds to an average of an “ok” to “good”
usability [42]. This is slightly lower than the results of
Pei et al. [43] who report an average SUS score of 71.8
(£11.9) for their arm robot. Still, they also report quite
a broad range in individual SUS scores, ranging from
42.5 to 92.5. This might indicate that the System Usabil-
ity is highly affected by the respective performance of the
device (ie., did any errors occur during the respective
sessions?) or the administrator’s skills and expectations
(i.e., do I expect a device working perfectly? Am I techni-
cally skilled?).

Most likely, the downgrade in usability in this study
arose from system stability issues (e.g., connection prob-
lems to the HoloLens, Robot Safety Stops) that sometimes
required rebooting and thus made the administration of
the device rather complex and time-consuming.

The RobExReha system provided a 2D-therapist view
of the HoloLens view on a separate monitor. Still, most
therapists remarked that they would have preferred to
view the same holograms as the patient, to better support
the patient.

Potential optimization

Although the RobExReha system was generally perceived
as inventive and usable, possibilities to improve the sys-
tem could be identified:

1) The positioning of the LBR should be adjusted to
better accommodate the targeted range of motion
and avoid conflicts with the axis boundaries of the
LBR arm.

2) Another solution for the weighing process for
robotic calibration should be considered for the
use in neurological patients, as pathological muscle
tone deviations (e.g., spasticity) may be present. For
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example, an estimation derived from anthropometric
tables combined with a feedforward model approach
could resolve the problem [44].

3) For future scenarios, the chosen setup with the
LBR arm would allow the inclusion of a resistance
mode to enlarge the applicability. As such, patients
with minor impairments to those with very limited
arm function could use the device. The integration
of a functional hand module would further add
functionality to the robot and expand the gaming
scenarios.

4) A second HoloLens for the supervising therapist
would ease the support of the patient and opens
possibilities of manipulating the holographic cues
interactively.

5) Further gaming scenarios adapted to different levels
of cognitive and motor function would enlarge the
applicability of the system (e.g., simpler, and more
complex gaming scenarios to motivate patients with
different abilities).

6) The system stability should be increased to ensure
good usability in clinical context.

Limitations

Due to the prototype stage, the RobExReha system was
only available for training of the right arm, which led to
limitations in patient inclusion. The Reference Group,
contrarily, additionally included patients with left-sided
impairments. This could lead to bias; for example, in
stroke patients, as the affected hemisphere influences
the symptoms. Additionally, regarding the question-
naire evaluation, only patients with good cognitive abili-
ties were enrolled in the study, which does not reflect the
wide variation of neurological patients potentially train-
ing with robotic devices.

Another possible risk of bias arises as this study was
not blinded and the patients, therapists and assessors
were aware of which system they were evaluating. Due
to shortages in personnel resources, sometimes a par-
ticipant had to act as both an assessor and administer-
ing therapist, potentially leading to biased results in the
questionnaires. However, given that this was a first proof-
of-concept study, we consider the risk to be acceptable.

Further, regarding the study design as proof-of-concept
study, no conclusions on efficacy of this type of therapy
can be made.

Conclusion

We investigated a novel robotic arm therapy system in
combination with an augmented reality serious game.
The system demonstrated to be feasible in patients with
impairments of the upper extremity from neurological
causes and good cognitive function. Notably, the good
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acceptance and perception of the game using the Holo-
Lens is promising.

Despite the prototype stage of the RobExReha device,
the system’s usability and safety was mostly rated not
significantly different from an established device on the
market, which is a considerable achievement. From a
therapist’s perspective, the lack of reliability in terms of
system instabilities largely contributed to lower usabil-
ity ratings. Future developments of technology-assisted
therapy devices in neurorehabilitation should thus focus
on developing stable, simple, and easy-to-use systems.
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QUEST  Quebec User Evaluation of Satisfaction with assistive technology

ROM Range of motion

SD Standard deviation

SUS System Usability Scale

UEQ User Experience Questionnaire

Acknowledgements

We would like to thank Christian Frede and his team (AmbiGate GmbH,
Tubingen) for their contribution to the software of the system and Dr. Winfried
llg (Centre for Integrative Neuroscience, Tibingen) for useful discussions and
consultation. We want to thank our colleagues at BEC GmbH, Fraunhofer IPA
and Schon Klinik that contributed to the development and testing of the
device. Special thanks go to patients and therapists that volunteered in this
study.

Author’s contributions

AC: methodology, formal analysis, investigation, data curation, writing —
original draft, visualization, project administration SR: investigation, resources,
writing — original draft, MH: writing — review & editing, conceptualisation,
methodology, project administration, JL: resources, writing — original draft,

TA: methodology, investigation, project administration JD: conceptualization,
supervision, HB: conceptualization, supervision, FM: conceptualization,
methodology, project administration, funding acquisition, supervision, writing
- review & editing. All authors reviewed the manuscript.

Funding

The development of the RobExReha device and the clinical study were done
within the scope of the "RobExReha’-project funded by the German Federal
Ministry of Education and Research (BMBF) under the funding code 165V7849.

Data Availability
The dataset supporting the conclusion of this article is available on reasonable
personal request.

Declarations

Competing interests

This study was performed while SR was employed at BEC GmbH and JL
at Fraunhofer IPA, who manufactured together with Ambigate GmbH the
RobExReha system.

Ethics approval and consent to participate

This study conforms with the Declaration of Helsinki, all participants provided
informed consent prior to enrolment. An ethical approval was obtained
(Ethikkommission der Bayerischen Landesarztekammer) and the trial was
registered at DRKS (DRKS00022136).

(2023) 20:105

Page 13 of 14

Consent for publication
Not applicable.

Author details

'Schén Klinik Bad Aibling, Bad Aibling, Germany

BEC GmbH, Pfullingen, Germany

3Schon Klinik Vogtareuth, Vogtareuth, Germany

“Fraunhofer Institute for Manufacturing, Engineering and Automation IPA,
Stuttgart, Germany

Received: 26 May 2022 / Accepted: 26 July 2023
Published online: 12 August 2023

References

1. Busch MA, Kuhnert B. 12-Monats-Pravalenz von Schlaganfall oder chro-
nischen Beschwerden infolge eines Schlaganfalls in Deutschland. J Health
Monit. 2017;2(1):70-6.

2. TruelsenT, Piechowski-Jozwiak B, Bonita R, Mathers C, Bogousslavsky J, Boy-
sen G. Stroke incidence and prevalence in Europe: a review of available data.
Eur J Neurol. 2006;13(6):581-98.

3. Foerch C, Misselwitz B, Sitzer M, Steinmetz H, Neumann-Haefelin T, Hesse
Stroke Study G. The projected burden of stroke in the german federal state of
Hesse up to the year 2050. Dtsch Arztebl Int. 2008;105(26):467-73.

4. Sampaio-Baptista C, Sanders ZB, Johansen-Berg H. Structural plasticity in
Adulthood with Motor Learning and Stroke Rehabilitation. Annu Rev Neuro-
sci. 2018;41:25-40.

5. Maier M, Ballester BR, Verschure P. Principles of Neurorehabilitation after
Stroke based on Motor Learning and Brain plasticity mechanisms. Front Syst
Neurosci. 2019;13:74.

6. WuIf G, Lewthwaite R. Optimizing performance through intrinsic motivation
and attention for learning: the OPTIMAL theory of motor learning. Psychon
Bull Rev. 2016,23(5):1382-414.

7. Poli P, Morone G, Rosati G, Masiero S. Robotic technologies and rehabilitation:
new tools for stroke patients'therapy. Biomed Res Int. 2013;2013:153872.

8. Levac D, Rivard L, Missiuna C. Defining the active ingredients of interactive
computer play interventions for children with neuromotor impairments: a
scoping review. Res Dev Disabil. 2012,33(1):214-23.

9. Daunoraviciene K, Adomaviciene A, Grigonyte A, Griskevicius J, Juocevicius
A. Effects of robot-assisted training on upper limb functional recovery
during the rehabilitation of poststroke patients. Technol Health Care.
2018;26:533-42.

10.  Calabro RS, Accorinti M, Porcari B, Carioti L, Ciatto L, Billeri L, et al. Does
hand robotic rehabilitation improve motor function by rebalancing inter-
hemispheric connectivity after chronic stroke? Encouraging data from a
randomised-clinical-trial. Clin Neurophysiol. 2019;130(5):767-80.

11. Wenk N, Buetler KA, Penalver-Andres J, Mri RM, Marchal-Crespo L. Natu-
ralistic visualization of reaching movements using head-mounted displays
improves movement quality compared to conventional computer screens
and proves high usability. J Neuroeng Rehabil. 2022;19(1):137.

12. Vovk A, Wild F, Guest W, Kuula T. Simulator Sickness in Augmented Reality
Training Using the Microsoft HoloLens. Proceedings of the 2018 CHI Confer-
ence on Human Factors in Computing Systems; Montreal QC, Canada.
3173783: ACM; 2018. p. 1-9.

13. Radu I. Augmented reality in education: a meta-review and cross-media
analysis. Personal Uniquit Comput. 2014;18(6):1533-43.

14.  Gorman C, Gustafsson L. The use of augmented reality for rehabilitation after
stroke: a narrative review. Disabil Rehabil Assist Technol. 2020:1-9.

15. House PM, Pelzl S, Furrer S, Lanz M, Simova O, Voges B, et al. Use of the mixed
reality tool "VSI Patient Education”for more comprehensible and imaginable
patient educations before epilepsy surgery and stereotactic implantation of
DBS or stereo-EEG electrodes. Epilepsy Res. 2020;159:106247.

16. Held JPO, Yu K, Pyles C, Veerbeek JM, Bork F, Heining SM, et al. Augmented
reality-based Rehabilitation of Gait impairments: Case Report. JMIR Mhealth
Uhealth. 2020;8(5):e17804.

17. Janssen S, de Ruyter van Steveninck J, Salim HS, Cockx HM, Bloem BR, Heida
T, et al. The Effects of augmented reality visual cues on turning in place in
Parkinson’s Disease Patients with freezing of Gait. Front Neurol. 2020;11:185.



Crignis de et al. Journal of NeuroEngineering and Rehabilitation

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Hohler C, Rasamoel ND, Rohrbach N, Hansen JP, Jahn K, Hermsdérfer J et al.
The impact of visuospatial perception on distance judgement and depth
perception in an Augmented Reality environment in patients after stroke: an
exploratory study. Journal of Neuroengineering and Rehabilitation. 2021;in
press.

Maciejasz P, Eschweiler J, Gerlach-Hahn K, Jansen-Troy A, Leonhardt S. A
survey on robotic devices for upper limb rehabilitation. J Neuroeng Rehabil.
2014;11:3.

Bartolo M, De Nunzio AM, Sebastiano F, Spicciato F, Tortola P, Nilsson J, et al.
Arm weight support training improves functional motor outcome and move-
ment smoothness after stroke. Funct Neurol. 2014;29(1):15-21.
Klamroth-Marganska V, Blanco J, Campen K, Curt A, DietzV, Ettlin T, et al.
Three-dimensional, task-specific robot therapy of the arm after stroke: a mul-
ticentre, parallel-group randomised trial. Lancet Neurol. 2014;13(2):159-66.
Taveggia G, Borboni A, Salvi L, Mule C, Fogliaresi S, Villafane JH, et al. Efficacy
of robot-assisted rehabilitation for the functional recovery of the upper limb
in post-stroke patients: a randomized controlled study. Eur J Phys Rehabil
Med. 2016;52(6):767-73.

Manuli A, Maggio MG, Tripoli D, Gulli M, Cannavo A, La Rosa G, et al. Patients'
perspective and usability of innovation technology in a new rehabilitation
pathway: an exploratory study in patients with multiple sclerosis. Mult Scler
Relat Disord. 2020:44:102312.

Colomer C, Baldovi A, Torrome S, Navarro MD, Moliner B, Ferri J, et al. Efficacy
of Armeo(R) spring during the chronic phase of stroke. Study in mild to
moderate cases of hemiparesis. Neurologia. 2013;28(5):261-7.

Bohannon RW, Smith MB. Interrater reliability of a modified Ashworth scale of
muscle spasticity. Phys Ther. 1987,67(2):206-7.

Karrer K, Glaser C, Clemens C, Bruder C. Technikaffinitdt erfassen - der Frage-
bogen TA-EG. In: Lichtenstein A, StoRel C, Clemens C, editors. Der Mensch
im Mittelpunkt technischer systeme 8 Berliner Werkstatt Mensch-Maschine-
Systeme. Dusseldorf: VDI Verlag GmbH; 2009.

Park S, Bokijonov S, Choi Y. Review of Microsoft HoloLens Applications over
the past five years. Appl Sci. 2021;11(16):7259.

Rohrbach N, Krewer C, Lohnert L, Thierfelder A, Randerath J, Jahn K, et al.
Improvement of Apraxia with augmented reality: influencing pantomime of
Tool Use via Holographic Cues. Front Neurol. 2021;12:711900.

Demers L, Weiss-Lambrou R, Ska B. Item analysis of the Quebec user evalu-
ation of satisfaction with Assistive Technology (QUEST). Assist Technol.
2000;12(2):96-105.

Hart SG. Nasa-Task load index (NASA-TLX); 20 years later. Proc Hum Factors
Ergon Soc Annual Meeting. 2006;50(9):904-8.

Koumpouros Y. A systematic review on existing measures for the subjective
Assessment of Rehabilitation and Assistive Robot Devices. J Healthc Eng.
2016;2016:1048964.

(2023) 20:105

32

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 14 of 14

Grof3 B-U. Bestimmung von Schwierigkeitsgraden in einer zu entwickelnden
Versuchsumgebung [Diplomarbeit]. Berlin: Humboldt-Universitdt Berlin;
2004.

Regenbrecht H, Schubert T. Measuring presence in augmented reality envi-
ronments: design and a first test of a questionnaire. Porto, Portugal: 2002.
Lewis JR, Sauro J. The factor structure of the System Usability Scale. In: M. K,
editor. Human centered design. Berlin, Heidelberg: Springer; 2009.

Schrepp M, Hinderks A, Thomaschewski J. Design and evaluation of a short
version of the user experience questionnaire (UEQ-S). Int J Interact Multime-
dia Artif Intell. 2017;4(6):103-8.

Oliveira AC, Rose CG, Warburton K, Ogden EM, Whitford B, Lee RK et al. Explor-
ing the Capabilities of Harmony for Upper-Limb Stroke Therapy. IEEE Interna-
tional Conference on Rehabilitation Robotics: [proceedings]. 2019;2019:637
—-43.

Guillén-Climent S, Garzo A, Mufioz-Alcaraz MN, Casado-Adam P, Arcas-Ruiz-
Ruano J, Mejfas-Ruiz M, et al. A usability study in patients with stroke using
MERLIN, a robotic system based on serious games for upper limb rehabilita-
tion in the home setting. J Neuroeng Rehabil. 2021;18(1):41.

Grier RA. How high is high? A Meta-Analysis of NASA-TLX Global Workload
Scores. Proceedings of the Human Factors and Ergonomics Society 59th
Annual Meeting. 2015:1727-31.

Storz C, Schulte-Gocking H, Woiczinski M, Azqueta-Gavaldon M, Azad SC,
Kraft E. [Exergames for patients with complex regional pain syndrome: a
feasibility study]. Schmerz. 2020;34(2):166-71.

Rohrbach N, Gulde P, Armstrong AR, Hartig L, Abdelrazeq A, Schroder S, et
al. An augmented reality approach for ADL support in Alzheimer's disease: a
crossover trial. J Neuroeng Rehabil. 2019;16(1):66.

Coscia M, Wessel MJ, Chaudary U, Millan JDR, Micera S, Guggisberg A, et al.
Neurotechnology-aided interventions for upper limb motor rehabilitation in
severe chronic stroke. Brain. 2019;142(8):2182-97.

Bangor A, Kortum P, Miller J. Determining what Individual SUS Scores Mean:
adding an adjective rating scale. J Usability Stud. 2009;4(3):114-23.

Pei Y-C, Chen J-L, Wong AMK, Tseng KC. An evaluation of the design and
usability of a Novel robotic bilateral Arm Rehabilitation device for patients
with stroke. Front Neurorobotics. 2017;11.

Just F, Ozen O, Tortora S, Riener R, Rauter G. Feedforward model based arm
weight compensation with the rehabilitation robot ARMin. [EEE International
Conference on Rehabilitation Robotics: [proceedings]. 2017,2017:72 - 7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Robotic arm training in neurorehabilitation enhanced by augmented reality – a usability and feasibility study
	﻿Abstract
	﻿Background
	﻿Methods
	﻿User
	﻿Technology
	﻿Arm-robot interface
	﻿Calibration procedure
	﻿Safety features
	﻿Gaming scenario


	﻿Study protocol
	﻿User activity
	﻿﻿RobExReha-patients group﻿
	﻿﻿RobExReha-therapists group﻿
	﻿﻿Reference group﻿


	﻿Questionnaires
	﻿﻿Patients’ questionnaire﻿
	﻿﻿Therapists’ questionnaire﻿

	﻿Statistical methods
	﻿Results
	﻿Safety
	﻿Usability
	﻿Feasibility and technical aspects
	﻿Video protocol – donning and doffing times
	﻿﻿Patients’ perspective - usability﻿
	﻿﻿Patients’ perspective - task load﻿
	﻿﻿Patients’ perspective − 3D perception﻿
	﻿﻿Therapists’ perspective﻿



	﻿Discussion
	﻿Safety and clinical feasibility
	﻿Donning and doffing
	﻿Patients’ perspective
	﻿Usability questionnaires
	﻿Workload
	﻿3D perception


	﻿Therapists’ perspective
	﻿Potential optimization
	﻿Limitations
	﻿Conclusion
	﻿References


