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Abstract—Robot-assisted rehabilitation often makes use of vir-
tual environments to present the therapy tasks. Virtual reality has
the ability of providing valuable visual feedback and enjoyable
interaction to the patients; therefore, the way they are displayed
to users becomes crucial. Is the monitor size an important feature
that influences how the task is perceived and thus affects patients’
performance?

This study on healthy participants investigates the influence of
displays in perceiving haptic effects. The participants performed
an experiment using an end-effector robot, where they followed
a moving target around a trajectory while disturbed by a
simulated perturbation and assisted by an adaptive algorithm.
The experiment was presented on two different monitors to assess
whether a different size affects their performance. Statistically
significant results show that the performance achieved with
the large monitor features lower error compared to the small
monitor, implying that large monitors might be a better solution
for rehabilitation with virtual tasks and assistive robots.

Index Terms—visual-motor tracking, vision dominance, reha-
bilitation robotics

I. INTRODUCTION

Acquired brain injuries, such as stroke, are the leading
cause of serious, long-term disabilities restricting the daily
activities of millions of patients [1]. Rehabilitation is a nec-
essary solution to treat post-stroke patients and let them
regain functional abilities. Studies have shown that an effective
therapy should be repetitive [2], intense [3], long term [4], and
task specific [5]. Over the past three decades, robot-assisted
neurorehabilitation has progressed with the goal of improving
patients’ recovery gains and assisting the therapists. Robots
are often accompanied by virtual environments, offering the
concept of active participation and enhancing patients’ motiva-
tion over several sessions [6], [7]. Moreover, specific assistive
algorithms can drive robots to help patients properly perform
the task, according to the “assist-as-needed” paradigm [8],
[9]. Besides assistive algorithms, there are other elements that
might influence performance and learning, especially consider-
ing that, in robotic-therapy sessions, the task is often presented
in virtual environments (mostly with serious games). Studies
have been carried out to assess whether the performance is
affected by the type of input devices when interacting with
3D virtual environment [10], or to prove that proper sound
cues can help patients in improving engagement, performance,

and learning in the exercise [11]. Nevertheless, the graphical
visualization is the most intuitive and immediate feature affect-
ing patients’ performance. Visual feedback stimulates patients’
interest and challenges them to improve during the following
sessions [12], [13]. Given that stroke may also affect vision
and cognition [14], it is interesting to evaluate whether the
size of the monitor affects the trend of the task when the
patients are assisted by an adaptive algorithm. This may help
rehabilitation setups to include the appropriate monitor for a
more efficient therapy. Earlier studies have suggested that large
monitors provide better performance in most applications.
Larger monitors seem to increase the level of immersion
[15] as well as showing some potential ergonomic benefits
[16]. Studies considering tasks such as physical navigation
have found benefits in performance were more visible with
large monitors [17]–[19] rather then panning and zooming on
smaller ones [20]. Geospatial visual analytic tasks also benefit
from large monitor usage; in particular, the form factor of
the monitor has an important impact as the time of execution
decreases when the monitor size increases [21]. Users seem
to prefer large monitors in many other circumstances, such
as reading lengthy text from screen [22], performing tasks on
the MS Office tools [23], investigating the accuracy of radio-
graphs [24], or performing search and comparison tasks in
Information-Rich Virtual Environment [25]. A wider physical
field of view can produce significantly better performance than
a smaller one [20], [25]–[27], also having direct impact on
spatial awareness, memory and presence [28]. Also attention
and arousal are higher on large monitors [29], especially in
the gaming context where the sense of physical and self
presence is influenced [30]. In the field of rehabilitation,
studies have evaluated the impact of the monitor size in
reaching and motion reproduction tasks, finding again that
large monitors improve user performances; however, deeper
evaluations should be performed to quantify how different
types of interactions are affected by different screen sizes
[31]. Investigation on subjects with autism spectrum disorders
have shown that the use of larger screens resulted in a higher
percentage of correct responses [32].

In this work, we investigate whether the size of the monitor
used to display the virtual task has an impact on motor learning



during a Human-Robot Interaction (HRI) session. The HRI
scenario falls within the robotic-assisted neurorehabilitation
field, with the objective of providing relevant information
about the size of displays to be used in clinical scenarios.
An user study was carried out on two different monitors,
featuring different sizes, and it analyzed the performance as
the combination of time and spatial errors with respect to
a moving-visual reference. Participants were asked to use a
robotic interface to play a game specifically designed for
neurorehabilitation. During the task, they were assisted by
the robot through an innovative assist-as-needed algorithm
[33]. Even though our ultimate motivation is to analyze
the impact of monitor size on stroke patients’ rehabilitation
performance, this work presents the results of a pilot study
with only healthy participants. In order to access their motor
performance, a disturbance force was applied to simulate
arm impairment such that the results have correlation with
rehabilitation studies [34]–[36]. Working with healthy subjects
is a common procedure to quantitatively model the process
of motor learning through a series of well-controlled and
monitored exercises; these models are then transferred into
the rehabilitation context [37].

II. MATERIALS AND METHODS

A. Serious game

The serious game serves as a mean to present the re-
habilitation task to patients, providing valuable visual and
haptic feedback as well as an entertaining way to interact
with the therapy. Participants are asked to follow a target
monitored in a 2D virtual environment, target that moves on a
predefined elliptical-shaped path at constant linear or angular
speed, respectively. The same scenario is also presented in
other works of the authors [33]. The task involves the use of a
robotic device to interact with the virtual environment, aiming
at improving patients’ motor performance while providing
assistance and maintaining a challenge. This performance is
assessed by minimizing the difference between desired and
expected position on a defined trajectory [38].

The procedure is realized by analyzing the patient’s achieve-
ments, processing them, and adjusting the required assistance
during the execution. An important detail is that the algorithm
evaluates the performance at the end of every lap around
the path, rather than in real time. Perhaps counter-intuitively,
real-time assistance is less precise in this specific context,
because it encounters different conditions at each evaluation.
A single lap, on the other hand, includes all the variability
within the task, such as: dealing with or against the gravity in
different parts of the path, problems with the robot kinematics
during specific movements, or users’ difficulties in reproducing
certain parts of the geometrical shape. Given that a single
lap includes such varied information, we then can assure that
the aforementioned conditions are equal for each evaluation.
This provides a more reliable source of data within a single
repetition rather than having evaluation with shorter intervals
(e.g., 30 Hz). The consistency of these conditions might favor
the same behavior plus any improvement brought by the

Fig. 1. The target T moves clockwise along the path S: the end effector E
is linked to T via virtual coupling: the spring, having stiffness k, produces
the attractive force

→
F pushing E towards T as it moves.

change in assistance. The assistance force produced by the
robot is implemented with virtual coupling, that is a virtual
spring connecting the end effector with the moving target:
such a strategy produces an attraction force toward the target
that will offer help to the patient. With reference to Fig. 1, the
components of the game are:

• T , the target to be reached by the subject;
• E, the end effector of the robot;
• S, the geometrical shape proposed as a reference path,

on which the target T moves;
• k, the stiffness of the virtual coupling implemented

between E and T , measured in N/m; and
•

→
F , the force produced multiplying k by the displacement
between E and T , which produces the assistance.

The term k can be considered as the assistive component of
the system. It is fine-tuned during the execution of the game,
such that its value evolves throughout the session based on the
amount of assistance desired. In general, the higher the value
of k, the easier the task would be.

B. Assistive algorithm

The assistive algorithm tunes the value of k based on
the performance achieved by the subject. In particular, the
performance is described by a single value j, defined as the
arithmetic mean between:

• the mean error occurring between the given path S and
the points sampled from the position of the end effector
E during the task; calculated each lap as the mean error
between a set of scattered points and an ellipse [39]; and

• the mean spatial difference between T and the points
sampled from E during the task using Euclidean distance.

The value j is evaluated each lap of the moving target T
around the path S; it represents the performance expressed as
tracking error in cm. This value is then used as the input
parameter for the tuning algorithm to be compared to an
appropriate target of performance jT . An important feature of
the algorithm is to ensure that the patient complies an active
behavior: having a high level of assistance may result in a
passive task where the robot does all the work. This constrain
is satisfied by meeting the equation in (1), where jB is the
performance achieved by the patient when the robot is not
providing any assistance (average baseline) and jT is the target
that the therapist selected for the therapy to be effective.



Fig. 2. A participant using the HapticMaster with the large monitor.

jT = f · jB (1)
f ∈ (0, 1) ⇒ jB > jT

The relationship between jB and jT is defined by a scaling
factor f , a value that varies in the range (0,1) such that the
target jT to be achieved by the patient is always smaller than
their baseline jB . A value of f = 0.6 may be efficient,
such that the patient will be asked to perform 40% better
than what already done without any assistance. After a phase
of familiarization (five laps), the tuning algorithm starts to
calculate the assistance, a value that will be modulated at the
end of each lap in order to remain stable on the target [33].

III. EXPERIMENT DESCRIPTION

A. Apparatus

The HapticMaster is the robotic device used in this study.
It is commercially available end-effector robot initially manu-
factured by Motek Force Link BV offering an effective haptic
sensation. It features three active Degrees of Freedom, and its
end effector benefits from force sensors that are used in the
admittance control. Fig. 2 shows a participant performing the
task with the HapticMaster [40].

For each participant, the experiment was performed with
two monitors having an aspect ratio of 16:9 and a fixed
resolution of 1920×1080:

• a 21′′ monitor, which will be referred as “small” in the
text, placed at 33 cm from the participant’s body; and

• a 48′′ monitor, which will be referred as “large” in the
text, placed at 76 cm from the participant’s body.

These monitors were chosen by convenience of having access
to them, whereas the distances were chosen following the rec-
ommended viewing distance published by THX certification
standards1. Both monitors were equalized for brightness and
contrast, to ensure similar experiences in both conditions. The
experiment was designed using a AB-BA design paradigm,
where each participant takes part in performing the task under
both setups, thus offering a chance of acting as own control.
Hence, participants were randomly and equally divided in two
groups to dictate which monitor the experiment should start
with. The “SL” group started with the small monitor first,

1https://stari.co/tv-monitor-viewing-distance-calculator

completed the experiment and then repeated it with the larger
monitor. The “LS” group performed the experiment in the
opposite order. This grouping was useful to evaluate the inter-
vention order while answering multiple research questions.

B. Participants

Based on the design of the experiment, the study was con-
ducted on healthy participants with no known neuro-muscular
disorder affecting their upper limbs. The sample-size was a
sample of convenience to identify initial effect-size. Twenty
participants took part in the experiment (twelve males, 35± 7
yrs old; and eight females, 34± 14 yrs old). Participants were
recruited among students and researchers. Written informed
consent was obtained from every participant before inclusion
in the studies and ethical approval of the evaluation protocol
was obtained from the Ethics committee of University of
Hertfordshire (protocol number COM/SF/UH/03184).

C. Procedures

The ellipse chosen as the path to be followed had a
size of 30×60 cm (semiaxis) according to the HapticMaster
workspace2. The task was executed on the coronal plane of
the participant, with the target moving at a constant angular
speed of 0.4 rad/s; this value was empirically selected based
on the behavior of the HapticMaster, since the HapticMaster
could properly follow the target in autonomy (at maximum
value of assistance k = 1000 N/m) only if the speed did not
exceed the aforementioned limit. A single session involved
twenty laps around the path, and it was composed of two
phases: a Familiarization phase, where the algorithm retrieved
jB during the first five laps; and a Motor Adaptation phase,
where the algorithm provided the assistance required to reach
jT , during the rest of the session. The relationship between
jB and jT defined in (1) was set at f = 0.6. A disturbance
factor was introduced on the end effector for the duration of
the experiment to simulate arm impairment, such that the robot
pushed the arm of the participant slightly away from the path.
In particular, the disturbance was defined as

→
FD= 6 · cos (2θ),

where θ is the angle between (i) the line joining the end
effector and the center of S, and (ii) the x−axis of the current
frame defined in the virtual 2D plane. The magnitude reached
its maximum value (6 N) when E intersected the frame axes.
Such a lightweight and periodic force gave the participants
the opportunity to adapt their skills over time, still producing
a challenging perturbation. Furthermore, a force to compensate
gravity was supplied (5 N/m pointing upwards).

IV. RESULTS

A. Questionnaire

Participants were asked to reply to a questionnaire at
the end of the experiment. Questions involved comparisons
between the two sessions with different monitors in terms
of perception and fatigue, and overall impressions about the

2It is important to highlight that the size of the ellipse the participants were
asked to draw did not change with the size of the monitor, only its virtual
representation in the game did.
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Fig. 3. Results of the experiment for both monitors, (a) for extent of
tracking error, and (b) amount of assistance. The first five laps represent
the Familiarization phase, where the baseline of performance is evaluated
in absence of assistance; whereas the remaining laps present the the Motor
Adaptation phase where assistance is provided.

role of the robot. All participants perceived the disturbance
force as an impediment to their movements, preventing them
to perform the task as they would under normal conditions.
Fifteen participants did not perceive any substantial difference
between the two monitors, claiming that the tasks were equally
easy to perform. The rest suggested that the task was slightly
easier with the small monitor, defining it as “somewhat easy”
against “neutral” the large one. Only six participants described
the task as “difficult” in terms of fatigue, mostly with the small
monitor. Similarly, sixteen participants felt that the robot was
slightly assisting them in the Motor Adaptation phase, but still
they perceived playing a more active role rather then being
passively driven by the robot.

B. Execution Trends

During the first five laps, unassisted tracking error achieved
by the participants (jB) provides a baseline measurement of
performance. Following a normal distribution test using IBM
SPSS Statistics (v28), jB was analyzed using an Analysis of
Variance (ANOVA) model, with predictors including monitor
size (small and large) as well as monitor arrangement condi-
tions (whether small monitor was used first or second in the
order of experiment). Fig. 3 shows the results of the analysis
for both small and large monitor. The plots clearly show the
similarity at familiarization phase and differences during motor
adaptation phase, suggesting that the large monitor promotes
better performance: both tracking error and assistance are more
stable for large monitors, whereas the in the small monitor we

TABLE I
NUMERICAL RESULTS OF THE EVALUATION.

Monitor jB [cm] k [N/m] ∆j [cm]
small 0.95± 0.39 248.26± 267.67 0.08± 0.12
large 0.99± 0.26 185.40± 234.81 0.01± 0.15

TABLE II
NUMERICAL RESULTS BETWEEN THE TWO CONDITIONS (SL-LS)

Monitor jB [cm] k [N/m] ∆j [cm]
small SL 0.98± 0.25 232.74± 249.52 0.09± 0.014
small LS 0.90± 0.49 263.78± 284.65 0.07± 0.12
large LS 1.02± 0.29 136.70± 177.51 0.03± 0.17
large SL 0.96± 0.23 234.10± 272.68 −0.003± 0.12

have oscillating values of tracking error against a increasing
assistance over time.

Tab. I reports (i) average baseline performance jB , (ii) av-
erage amount of assistance k, and (iii) the difference between
the achieved and desired performance ∆j = j−jT . The latter
two parameters are calculated only for the motor adaptation
phase. The amount of assistance k is considerably higher in
the small monitor case, both in average and standard deviation.
The same can be observed for ∆j, where performance error is
almost eight times larger with the small monitor. On the other
hand, the values of jB have not significant difference between
the two cases, which indicates that the performance was in-
fluenced by the monitor size only during the motor adaptation
phase. An ANOVA model provided statistically significant
differences between the two monitor’s level of assistance (k)
as provided by [F (1, 598) = 0.349, p = 0.002]. The same was
observed for ∆j as [F (1, 598) = 31.02, p < 0.001].

As previously described, participants performed the exper-
iment with both monitors, but were divided into two groups,
“SL” and “LS”. This was intended to counter order bias.
Tab. II reports the results dividing the set between the two
conditions. Baseline performance represented by jB remains
very similar during the first five laps, with no statistically sig-
nificant differences observed during this time. However, during
motor adaptation phase, statistically significant differences are
observed between k and ∆j for different order of monitors.
An ANOVA model identified k to be significantly different
across the four condition with [F (3, 596) = 7.366, p < 0.001];
as well as ∆j, which presented similar significance with
[F (3, 596) = 12.639, p < 0.001]. A more thorough ob-
servation based on level of assistance presents similarity in
assistance among three cases (“small LS”, “small SL” and
“large SL”). This is an interesting observation as when the
experiment is started with a small monitor, level of assistance
k does not present a statistically significant difference between
the three conditions, while ∆j remains statistically different
as shown by [F (2, 447) = 0.636, p < 0.001].

V. DISCUSSION

The findings of this study comply with the literature: larger
monitors help reducing tracking error on tasks involving gross
upper arm motion. The difference in assistance magnitude
shown in Fig. 3 suggests that the small monitor required
more robotic assistance compared to the large monitors. In



the “small” case, the value of assistance increased during
the experiment without following a linear trend, and still the
value of performance achieved was not sufficient to fulfill the
required performance target in reducing tracking error. On the
other hand, the trend shown for the “large” monitor decreased
overtime while the performance remained still on the target:
this implies that the participants were likely adapting their
movements in real time, thus the amount of assistance re-
quired was progressively reduced by the algorithm [33]. An
analysis on the results considering differences between the
SL-LS groups also comes in support of this discussion: the
participants who performed the task with the large monitor first
were supported with a smaller amount of assistance. Tracking
error for“large” session remained different, and significantly
smaller compared to the “small” session. However, the level
of assistance for the session “large SL”, where participants
first session was with a small monitor, showed similarity in
the level of assistance during the first fourteen laps, after
which course profile of level of assistance differ between
these sessions. This could be due to a carry over effect from
the earlier session with a “small” monitor where additional
compensation and reliance to assistance is observed. It could
also be an indicator for fatigue, although we did not measure
the extent of fatigue during the study. Overall, our results
suggest that the adaptation was faster for the participants who
started the experiment with the large monitor.

However, the questionnaire shows us that most of the partic-
ipants did not perceive variations in performance between the
monitor sizes (fifteen participants over twenty). This finding
suggests that, in this particular scenario, what subjects perceive
could be different from what they actually achieve, due to
transparency of robot assistance. Moreover, it is also possible
that our questions were not formulated in a way to capture
these differences. One issue is that the questionnaires were
filled after the completion of the experiment, thus relying on
participant memory of the experiment performance. This could
be improved by recording reflective accounts after each phase
of the experiment. Finally, our results on healthy participants
imply that small monitors are subjected to more performance
error, which requires more concentration and could result in
a more challenging interaction with a patient with limited
cognitive and motor capacities. Tracking error has been used
in numerous robot mediated rehabilitation programs, and our
results can influence the success of these approaches by
enabling better tracking and better regulation of assistance.

VI. CONCLUSION

In this work, we analyzed the impact of two monitor sizes in
tasks requiring gross-motor movements assisted by robots. Our
results suggest that motor learning may be elicited easier when
these tasks are displayed on large monitors. This is an expected
outcome, as small monitors could potentially involve addi-
tional cognitive processing that can result in further challenges
to a limited motor bandwidth (as reflected by speed-accuracy
trade off in Paul Fitts’ studies [41], [42]). These additional
demands can be reduced by magnifying task dimensions using

large monitors. While our participants were healthy volunteers,
and subjective responses were similar, we mainly attribute
this to weakness of study design where questionnaires were
only filled at the end of the experiment and participants relied
on their memory of the experience to answer the questions.
Given results obtained by our objective measures, we remain
optimistic that our finding can be transferred to rehabilitation
practice. Post-stroke patients suffer from neurological disor-
ders affecting their motor and cognitive bandwidth; it is then
reasonable to expect that interactive mediums supporting lower
level of error in tracking could provide a better chance for
motor re-learning [43]. Future works might strengthen this
hypothesis in a real rehabilitation context.

We used the same screen resolution on both displays. Future
works might also investigate a range of display resolutions
to identify best possible option for maximizing accuracy in
shorter time. This aspect is monitor-independent, and can
be tested with the largest possible monitor while changing
the pixel size in the virtual environment. Another possible
extension would be to repeat the experiment including Head
Mounted Displays (HMDs), and observe their contribution in
terms of immersion, perception, and performance. While some
previous studies have shown that limitations from obstructed
field of view can be counterproductive [44], it remains in-
teresting to explore whether HMDs can reduce performance
error in the immediate field of vision, compared to large or
small screens. Finally, in the current experiment, the size of the
haptic world was fixed across both experiment conditions, and
this allowed us to explore the visual perception effects alone.
It might also be interesting to observe how the performance
error is influenced by the size of haptic environment. The
setup might allow for changes in the haptic world to match
the visual world, and to match these two with the reaching
extent of participants as well as their physiological reach
(which is determined by the upper and lower arm segments).
Such an experiment would allow us to explore an optimal
arrangement based on haptic and visual task dimensions, while
also securing reachability. This is applicable to rehabilitation
as often patients present limited range at the beginning of a
therapy regime and recovery allows them to expand on range
and better coordination of the upper limb.

REFERENCES

[1] D. Lloyd-Jones, R. J. Adams, T. M. Brown, M. Carnethon, S. Dai,
G. De Simone, T. B. Ferguson, E. Ford, K. Furie, C. Gillespie, et al.,
“American heart association statistics committee and stroke statistics
subcommittee. executive summary: heart disease and stroke statistics–
2010 update: a report from the american heart association,” Circulation,
vol. 121, no. 7, pp. 948–954, 2010.
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