i\;lg electronics m\py

Article

Perturbed Point-to-Point Reaching Tasks in a 3D
Environment Using a Portable Haptic Device

2 3 1

Emilia Scalona (), Darren Hayes 13(0, Zaccaria Del Prete !, Eduardo Palermo 1 and

Stefano Rossi %*

1 Department of Mechanical and Aerospace Engineering (DIMA), “Sapienza” University of Rome,

00185 Roma, Italy; emilia.scalona@uniromal.it (E.S.); dhayes@pace.edu (D.H.);
zaccaria.delprete@uniromal.it (Z.D.P.); eduardo.palermo@uniromal.it (E.P.)

Consiglio Nazionale delle Ricerche (CNR), Institute of Neuroscience, 43125 Parma, Italy

3 Seidenberg School of CSIS, Pace University, New York, NY 10038, USA

Department of Economics, Engineering, Society and Business Organization (DEIM), University of Tuscia,
01100 Viterbo, Italy

*  Correspondence: stefano.rossi@unitus.it; Tel.: +39-076-135-7049

check for
Received: 16 October 2018; Accepted: 23 December 2018; Published: 1 January 2019 updates

Abstract: In this paper, we propose a new protocol, integrating Virtual Reality with the Novint
Falcon, to evaluate motion performance during perturbed 3D reaching tasks. The protocol consists
of six 3D point-to-point reaching tasks, performed using Falcon with six opposing force fields.
Twenty subjects were enrolled in the study. During each task, subjects reached 80 targets and the
protocol was repeated over three different days. The trajectories of the end-effector were recorded
to calculate: duration of movement, length ratio, lateral deviation, aiming angle, speed metric,
and normalized jerk. The coefficient of variation was calculated to study the intra-subject variability
and the intra-class correlation coefficient to assess the reliability of the indices. Two-way repeated
measurement ANOVA tests were performed for all indices in order to ascertain the effects of force and
direction on the trajectories. Duration of movement, length ratio and speed metric have proven to be
the most repeatable and reliable indices. Considering the force fields, subjects were able to optimize
the trajectory in terms of duration and accuracy but not in terms of smoothness. Considering the
directions, the best motor performance occurred when the trajectories were performed in the upper
quadrant compared to those performed in the lower quadrant.

Keywords: Virtual Reality; haptic; 3D reaching; upper limb rehabilitation; health monitoring

1. Introduction

The process of motor rehabilitation is a form of motor learning, which refers to a relatively
permanent change in motor behavior evoked by practice or experience [1]. Motor learning is mediated
by neuroplasticity, which is the ability of the Central Nervous System (CNS) to reorganize itself and
change in response to new experiences [2]. Individuals engage in motor rehabilitation training to
relearn motor skills that were lost as a result of injury.

During the 1990s, Robot-Mediated Therapy (RMT) emerged as an effective tool to restore the
motor function of the upper limbs after brain injuries [3]. RMT allows the subjects to perform more
intensive and repetitive exercises compared to traditional motor exercises performed under therapist
supervision, thereby opening up the possibility of a more complete and controlled rehabilitation
program [4].

Over the last decade, Virtual Reality (VR) technology has increasingly played an important
role in the field of neuro-rehabilitation [2,5,6]. This technology allows patients to interact with and
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navigate through 3D virtual environments, where several targeted motor tasks can be proposed as
viable games. VR-based rehabilitation exercises can be easily tailored to the patient’s needs and the
software used to develop VR scenarios, whereby the sensors are embedded into integrated devices.
These devices usually allow to record patient kinematics, thereby providing data for an objective
evaluation of performance [7]. The primary advantages of using VR-based rehabilitation are increased
motor task repetition, feedback about the patient’s motor or cognitive performance and improved
motivation [8]. The use of VR-based rehabilitation, facilitated by haptic devices, enhances the level of
user interactivity within a virtual environment and ultimately improves the patient’s task performance
during motor rehabilitation [9]. It has already been proved that haptic devices are fundamental for
rehabilitative motor tasks, since they allow improvements to the manipulation capabilities of the user
in a VR environment, as a result of additional information about the physical characteristics of virtual
objects [10,11].

Focusing on the rehabilitation of the upper limbs, several robotic devices have been developed that
are capable of providing haptic feedback to the patient. The MIT Manus was the first robot designed
for this purpose, and was proposed by Hogan et al. [12] in 1992. This device, which was developed for
rehabilitation of the shoulder and the elbow, allowed movement of the end-effector in a horizontal
plane. The commercial version of the MIT Manus, which is the most widely used robot in upper
limb rehabilitation, was originally conceived for post-stroke adult patients [13], and recently, its use
was extended to a pediatric population with cerebral palsy [14]. Other important examples of upper
limb robotic devices, currently used in clinics, include: Mirror Image Motion Enabler (MIME) [15],
GENTLE/S[16] and REO-GO [17]. Lum et al. [15] compared a therapy program based on point-to-point
reaching tasks using the MIME, with an equally intensive program of conventional therapy techniques
performed with a group of stroke patients. They determined that Robot-assisted treatment benefits
exceeded those expected from the traditional therapy. Amirabdollahian et al. [16] proposed different
scenarios of reaching tasks, using the GENTLE/S neuro-rehabilitation system, and they found that
the proposed therapies improved movement over a period of nine sessions compared to the baseline.
Bovolenta et al. [17] trained 14 patients, with chronic post-stroke hemiparesis, using the REO-GO
system, which resulted in significant improvements in completing the treatment and resulted in
positive patient feedback.

All of the cited haptic devices were mainly used to recover and analyze reaching tasks, since these
actions are essential in performing daily living activities [18]. Moreover, one of the main barriers
to arm motor recovery, following a neurological impairment, is the use of maladaptive movement
strategies observed during reaching tasks [19].

The robotic devices used in RMT are characterized by high costs, are difficult to move and can only
be used in a clinical setting. Therefore, the use of cheaper, more portable mechatronic devices, originally
developed as game controllers, have become more pervasive over the last few years because they can
be used by patients at home, which means that they may be suitable for tele-rehabilitation [20]. These
devices could simulate the kinesthetic sense of the user and generate forces through the end-effector [4].
Some examples of haptic devices currently available are: Omni Phantom [21], Haption Virtuose 3D [22],
FD Delta [23], and Novint Falcon [24]. While comparing different devices, the Novint Falcon emerged
as the most suitable for rehabilitation purposes because it can generate more force feedback than the
other devices [4]. Moreover, user-friendly control interfaces enable use of the Falcon with different
applications [25].

Several studies have investigated the use of this device in neuro-rehabilitation treatments.
Palsbo et al. [26] used the Falcon to train fine movements in a group of healthy developing children
and noted significant improvements in handwriting performance. Chortis et al. [25] evaluated the
effects of repetitive arm movements performed with the Falcon, and commercial games included
with the device, with a group that was comprised of eight post-stroke subjects. Results indicated
that the subjects were able to correctly perform the rehabilitation tasks. However, the authors only
evaluated the efficacy of the virtual exercises with clinical indices and from a motivational point of
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view, without considering kinematic indices related to the movements performed. The latter could
have permitted a greater understanding about whether patients improve their motor performance
and exactly when this improvement is realized during robotic therapies. Cappa et al. [4] used the
Falcon to study how a group of healthy subjects responded to different force feedback in a specific
virtual environment. The authors demonstrated how force feedback was able to adjust the smoothness,
the accuracy, and the duration of the subjects’ movements.

VR-based rehabilitation protocols are normally executed using expensive robotic devices [27],
with well documented positive effects on patient motor recovery [28]. No studies, to the best of authors’
knowledge, have proposed a haptic, VR-based, rehabilitation protocol with the use of a 3D portable
haptic device that can be used for tele-rehabilitation. In fact, 3D reaching is one of the fundamental
tasks to evaluate neurorehabilitation motor performance [29] and provides a superior method to assess
the functional recovery of an impaired arm, while the rehabilitative protocol should consist of several
tasks with increasing levels of difficulty [30].

Consequently, this study proposes a novel VR scenario, utilizing the Novint Falcon, to assess
motor performance; it has been validated and tested on healthy subjects. More specifically, the protocol
consisted of 3D reaching tasks performed in eight directions and perturbed by force fields of increasing
magnitude. The subject’s motor performance was assessed using the most widely used kinematic
indices for evaluating the motor performance of a healthy and clinical population [31-33]. These indices
are typically used with high-cost devices that facilitate reaching tasks. Moreover, the repeatability and
reliability of the proposed novel VR based rehabilitation protocol were evaluated involving twenty
subjects and repeating the protocol in three different days. Finally, this study could provide reference
values of the kinematic indices used to assess motor performance in 3D reaching tasks.

2. Materials and Methods

2.1. Experimental Setup and Game Design

The experimental setup consisted of a 3D haptic interface (Novint Falcon, Washington, PA, USA)
and a game scenario that was developed using the Unity3D game engine.

The Novint Falcon is a delta robot and its end-effector can translate to a workspace of
101.6 mm x 101.6 mm x 101.6 mm, while rotations are not allowed. The Falcon can deliver forces
up to 8.8 N, controllable in amplitude and direction. Forces were generated by three DC brushed
motors, with each one mounted on the base of one of the three Falcon arms. Each motor was equipped
with a linear encoder, which resulted in a spatial resolution of the end-effector position of about
60 um for each axis. Unity 3D does not natively support the Novint Falcon, so a C++ library was
developed and compiled into a dynamic linked library (dll), using the open source library libnifalcon
(https:/ /github.com /kbogert/falconunity).

The game scene (Figure 1) was set in outer space and the user, by means of the Falcon, could
move a starship positioned on a base (home-base) placed in the origin of the scene.

TIME ON3

Figure 1. The game scene on the left and experimental set-up on the right.
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Eight bases (target bases) were positioned at a depth of 30 mm along the axis perpendicular to
the screen plane (Z axis), equidistant along a circumference with a 40 mm radius, in the plane on
the screen (XY plane). In each task, the starship was positioned at home-base in the center of the
screen. When the experimenter pressed the start button, an asteroid, which represents the target of
the reaching movement, randomly appeared in one of the eight target-bases. The user, moving the
end-effector of the Falcon, had to reach the target and then return to the home base, as shown in
Figure 2. The game ends when 80 targets have been reached. The users can select from 6 levels of
force by selecting from the options in the main menu on the second screen: F0 (zero force imposed),
F1 (1.0N), F2 (2.0N), F3 (3.0 N), F4 (4.0 N) and, F5 (5.0 N). The applied force is opposed to the direction
travelled by the starship to reach the target (from the grey dots to the center). Before starting the game,
a calibration procedure, in which the end-effector was set to the center of the workspace, was needed
to allow the Falcon to move in the scene and the scale of the movement on the screen is 1:100.
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Figure 2. Representation of the 3D trajectories performed by the subjects from the home-base (H) to the
8 different targets (grey dots). The applied forces were always directed from the targets to the home base
thereby changing the direction as soon as the subject moved the end effector in a different direction.

2.2. Experimental Protocol

Twenty right-handed healthy adults (ranging in age between 17 and 40 years) were enrolled in the
study. The experimental protocol consisted of six reaching sessions to be performed at varying force
levels: FO, F1, F2, F3, F4, and F5. During each session, the subject had to move from the center to the
target and once the target was hit, they returned to the center. A total of 80 targets were reached by the
subject, which were divided in 40 forward (from the home-base to the target-base) and 40 backward
(from the target-base to the home-base) movements. The backward movements allowed the subject
to return back to the center of the scene (home base) and be ready to perform the next movement.
Between two consecutive reaching sessions, a time of 60 s was set to allow the subject to rest. Before
starting the data acquisition, the subject completed a session of reaching 80 targets, where no force
field was applied, in order to familiarize the subject with the motor task. The entire protocol was
repeated across three different sessions, each of which was separated with at least a 24 h break.

2.3. Data Analysis

The position of the end-effector was acquired with a sampling frequency of 50 Hz. The acquired
data were processed offline with Matlab (MathWorks, 2012b, Natick, MA, USA). Initially, the position
of the end-effector was filtered with a 6th order, zero phase shift low-pass Butterworth filter, with
a cut-off frequency of 10 Hz, and then used to obtain speed, acceleration, and jerk. The processed
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data were divided into 8 reaching movements according to direction: North (N), North-East (NE),
East (E), South-East (SE), South (S), South-West (SW), West (W), and North-West (NW). Only forward
movements were analyzed. In particular, each movement was assumed to begin when the speed
magnitude increased by more than 10% of the peak speed [31]; the movement was assumed to end
when the starship hit the target.

To characterize the kinematics of the movement and in particular the ability of the subject to
perform the task, the Duration of Movement (T), defined as the time between the onset and the end of
the movement [34], was calculated. Balasubramanian et al. [34] indicated the Duration of Movement
as an index of recovery since it demonstrated that movements tended to become faster with therapy,
and resulted in a decreased duration.

To evaluate the accuracy of the trajectories, the following indices were calculated:

1.  The Length Ratio (LR) is the ratio between the path actually travelled by the subject and the ideal
one (Ly), i.e., the minimum distance between the centers of the home-base and the target-base [35]:

Y dR

LR =
Lt

)

where dR is the distance between two consecutive points of the trajectory. Zollo et al. [35]
proposed this index to evaluate the gradual performance in a chronic stroke cohort.

2. The Lateral Deviation (LD) is defined as the highest deviation from a straight line connecting
the starting and the ending points of the movement trajectory [14]. Masia et al. [14] found that
the LD values for a group of children with cerebral palsy, were higher compared to a group of
typically developed children.

3. The Aiming Angle (AA) is the angle between the line connecting the starting and ending target,
and the line at the starting point to the trajectory point, which is characterized by the maximum
peak of velocity. Germanotta et al. [31] found higher values for AA in patients with Friedreich’s
Ataxia compare to a healthy control group. Higher values of LR, LD and AA represent a reaching
task performed with a lower accuracy [34].

The smoothness of the trajectories was evaluated with the following indices:

1.  The Speed Metric (SM) is measured as the ratio between the mean velocity and the peak of
velocity [36]:

SM — Vmean @)
Vpeak

The SM value increases when movement smoothness increases. Roher et al. [36] used the SM to
quantify the movement smoothness changes during post-stroke recovery.
2. The Normalized Jerk (NJ), as proposed by Teulings et al. [37]:

_lfa T
N = /5 [ S ©)

where j is the jerk, i.e., the derivative of acceleration and T is the duration of the movement. Lower
values of NJ indicate smoother movements. Teulings et al. [37] evaluated the motor performance
for a group of patients suffering from Parkinson’s disease using the NJ.

2.4. Statistical Analysis

After calculating the indices, coefficients of variation (CV) were calculated to study the
intra-subject variability of the protocol. In particular, CV was calculated for each daily repetition as a
percentage ratio between the standard deviation and the average value of each index, considering each
direction, each force level, and each subject. Successively, the Intra-class correlation coefficient (ICC)
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was calculated in order to assess the reliability of the parameters, with an ICC (2, k) model. Additionally,
the ICC was calculated for each subject, repetition, force level and movement direction. Reliability was
classified as excellent (ICC > 0.90), very good (ICC > 0.80), good (ICC > 0.70), moderate (ICC > 0.60)
or poor otherwise [31]. Ultimately, two-way repeated measures ANOVA tests were performed for all
indices in order to determine the statistical differences across the 6 levels of force and the 8 directions
of the reaching task. Therefore, forces and directions were considered as independent variables.
The Greenhouse-Geisser correction was adopted if the assumption of sphericity was violated. If the
interaction effects were significant, the interactions comparing force levels were broken down at each
direction with one-way repeated measurements ANOVA. A Bonferroni’s test for multiple comparisons
was performed when statistical differences were found. A statistical analysis was performed using
SPSS (IBM, Armonk, NY, USA). The statistical power of the analysis was computed using G* power.

3. Results

3.1. Repeatability and Reliability of the Protocol

Means and standard deviations of the CV were evaluated among forces, directions, and the
subjects were reported for each index and each repetition, as noted in Table 1.

Table 1. Mean and standard deviation of CV values for all the indices (Duration of movement (T),
Length ratio (LR), Lateral Deviation (LD), Aiming angle (AA), Speed metric (SM), Normalized jerk
(NJ])) among forces, directions and subjects, calculated for each day repetition, and Mean and standard
deviation of ICC for each index among forces, directions, repetitions and subjects.

CV (%)

ICC
Repl Rep2 Rep3
T 18.5 (4.1) 18.4 (2.6) 17.1 (3.8) 0.82 (0.03)
LR 8.3(3.3) 6.6 (2.5) 5.3 (2.3) 0.86 (0.02)
LD 27.6 (4.4) 27.0 (4.7) 25.7 (5.2) 0.82 (0.02)
AA 46.3 (13.7) 46.0 (12.9) 46.0 (12.9) 0.80 (0.02)
SM 14.5 (2.0) 13.5 (2.9) 12.0 (2.4) 0.77 (0.05)
NJ 42.4 (10.9) 42.0(5.2) 38.8 (8.6) 0.65 (0.07)

Looking at the results, among the accuracy indices, the Length Ratio was the least variable index
since the maximum CV was equal to 8.3%. A greater variability was instead associated with the
computed CV for Aiming Angle, which was equal to 46%. Considering the smoothness indices,
the variability associated with Speed Metric was lower (14.5% in the worst case) than the variability
related to the Normalized Jerk (42.4% in the worst case).

Means and standard deviations for the ICC were calculated for each index among forces,
directions, repetitions and subjects and are also reported in Table 1. The ICC value related to the
Duration of Movement was equal to 0.82, indicating a good reliability for this index. Comparing the
accuracy indices (LR, LD, and AA), all of the indices showed good reliability (ICC > 0.80), while the
Length Ratio was the most reliable index (ICC = 0.86). Regarding the indices of smoothness, the Speed
Metric showed good reliability (ICC = 0.77), and it was more reliable than Normalized Jerk (ICC = 0.65),
which showed moderate reliability.

3.2. Evaluation of Motor Performance

The outcomes of power statistical analysis showed a mean power value of about 81% for both
independent variables, i.e., direction and force, with a medium effect size (0.5) [38]. Mean values
among subjects and repetitions of temporal, accuracy and smoothness indices for each force and each
direction are reported in Figures 3-5 respectively. ANOVA results are also reported in each figure.
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Figure 3. Duration of movement (T): mean values among subjects and repetition for each force and
each direction on the left; on the right the two-way ANOVA results: statistical Differences between the
direction and between the force. (“*” represents p-value < 0.05; **’ represents for p-value < 0.01).
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Figure 4. Speed Metric (SM) and Normalized Jerk (NJ): mean values among subjects and repetition
for each force and each direction on the left; the interaction factor was significant and on the right
the one-way ANOVA results: differences between the direction and between the force. (**’ represents
p-value <0.05; **" represents for p-value <0.01).
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Figure 5. Length Ratio (LR), Lateral Deviation (LD) and Aiming Angle (AA): mean values among
subjects and repetition for each force and each direction on the left; on the right the two-way ANOVA
results: statistical Differences between the direction and between the force. (“**' represents p-value < 0.05;
**” represents for p-value < 0.01).

Looking at the Duration of Movement index (Figure 3), we can note that differences occurred
across directions (p < 0.01) and that no differences occurred among the forces. In particular,
the trajectories in N direction occurred with lower Duration of Movement values than the others.
The W, NW, NE and E trajectories had similar duration values, and the S, SW and SE trajectories
displayed higher values of Duration of Movement.
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Regarding the indices of smoothness (Figure 4), Speed Metric showed statistical differences
across directions (p < 0.01) and forces (p < 0.01). Since the interaction effect was significant (p < 0.01),
force amplitudes at each direction and directions at each force level were compared by means of
one-way repeated measurements ANOVA tests. Initially, the directions were fixed and the forces were
considered as independent variables. From the results, it emerged that differences occurred among
forces for all directions.

In particular, the greatest differences among force field amplitudes were found for W, S, SW,
SE and E trajectories, especially between the lower force fields (FO, F1, and F2) and the higher ones (F3,
F4, F5). Considering directions as the independent variable, differences occurred for all of the force
fields, with the exception of F2. More specifically, the tasks in which the largest number of differences
between directions occurred were FO and F5. Looking at the results of the Normalized Jerk, statistical
differences were found across movement directions (p < 0.01) and forces (p < 0.02), and the interaction
factor was significant (p = 0.04). Considering force as an independent variable, differences between FO0
and the other force levels were found for W, S, SW and SE. Considering direction as an independent
variable, differences were noted between trajectories in the upper quadrant and those in the lower one
for all the force levels.

Regarding the accuracy indices (Figure 5), statistical differences for Length Ratio were found in
movement directions (p < 0.01) and forces (p < 0.01). The trajectories in N, NW and NE directions
showed lower values of Length Ratio than the others. The highest values of Length Ratio were
found in the S trajectories. W, SW, and SE showed similar values of Length Ratio. Focusing on force
amplitude, Length Ratio values were lower in the trajectories performed without a force field than
in the trajectories with a force field F1. Focusing on Lateral Deviation, statistical differences were
recorded among movement directions (p < 0.01) and forces (p = 0.02). The trajectories performed
with lower values of Lateral Deviation were those in the N direction. In contrast, S, SW and SE were
characterized by the highest values of Lateral Deviation. Considering variations across force fields,
a statistical difference was observed between FO and F1. In terms of Aiming Angle, differences were
found across movement directions (p < 0.01). More specifically, Aiming Angle was lower in N, NW,
and NE directions than in other directions.

4. Discussion

This study proposes a new protocol that is based on the use of virtual reality, integrated
with a portable haptic device, to evaluate motion performance during perturbed 3D reaching
tasks. The reliability and repeatability of the protocol have been validated using kinematic indices,
which evaluate motor performance during reaching tasks. Thus, we have identified how different
force amplitudes and different reaching directions affected the kinematic indices and, more generally,
the motor performance of healthy subjects.

4.1. Repeatability and Reliability of the Protocol

The repeatability of the kinematic indices was studied by means of the CV, and evaluated for
everyday repetitive tasks. By examining the results reported in Table 1, it is evident that the variability
of Duration of Movement decreased over a number of days, indicating that the subjects became more
familiar with the motor tasks and, consequently, required less time to complete the protocol. In relation
to the accuracy indices, the Length Ratio was the most repeatable and therefore more suitable than
LD and AA for evaluating trajectory accuracy. The high values of Lateral Deviation and Aiming
Angle variability across all three days of repeating the protocol are in line with [31]; a higher standard
deviation of Lateral Deviation and Aiming Angle was reported than the Length Ratio on a group of
18 healthy subjects, who performed planar reaching movements. This finding could be attributed to
the different mathematical definition of the indices. In particular, while Lateral Deviation and Aiming
Angle are calculated on a specific point of the trajectory, i.e., when the maximum deviation from the
ideal trajectory (LD) and the peak of velocity (AA) are reached during the motor task, the Length Ratio
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is defined considering the entire trajectory. Unexpected rapid variations in movement performed by
subjects can generate outlier values, primarily for the first two indices, thereby causing an increase
in their variability (CV). Therefore, Length Ratio should be preferred as a parameter for evaluating
overall accuracy of trajectory. The variability of Length Ratio and Lateral Deviation decreased during
the repeated exercises, thereby indicating an improvement in the execution of the tasks over time.
Considering the smoothness indices, the Speed Metric appeared to be more robust than Normalized
Jerk, which showed a significant intra-subject variability across repetitions. Furthermore, it should
be noted that for temporal and accuracy indices, the variability associated with Speed Metric and
Normalized Jerk declined over time, thereby confirming the subject’s growing familiarization with
the protocol.

Regarding the reliability of the evaluated indices, all of the indices showed consistency.
In particular, the most suitable indices for assessing motor performance were Duration of Movement
for duration, Length Ratio for accuracy, and Speed Metric for smoothness. These ICC values are slightly
lower than the ones reported by [31]. These dissimilarities could be ascribed to the different reaching
movements performed by subjects in the two experimental protocols. More specifically, subjects
in [31] performed unperturbed planar reaching movements, while in our study subjects performed 3D
reaching movements in a perturbing force field and it is reasonable to consider that the application of
the force field lead to more variable trajectories between the tasks. However, all of the aforementioned
indices demonstrated reliability and are therefore suitable for evaluating motor performance for the
proposed protocol.

In conclusion, the proposed protocol appears to be repeatable and reliable, thereby suggesting
that the use of Movement Duration, Length Ratio and Speed Metric are suitable for evaluating the
motor performance of subjects during perturbed reaching tasks.

4.2. Is the Movement Performance Influenced by an Increase in Force Field Magnitude?

Considering the Duration of Movement, a statistical analysis indicates that there were no
differences among the forces. However, although the complexity of the motor task increased, due to
an increase in the force opposing the subject’s movements, the time needed to reach the targets
did not change. This effect reflects the subject’s effort to respond to real-time force feedback by
exerting a continuous and fine regulation of the end-effector position in order to perform fast and
efficient movements that can compensate for unknown external loads [4]. By analyzing how the
force magnitude influences the trajectory accuracy, it was clear that the results for Length Ratio
and Lateral Deviation were similar. More specifically, the subject’s movements were affected by the
unknown perturbation when the force field was introduced at the minimum level of magnitude (F1).
With increasing levels of force (from F2 to F5), subjects were able to respond to the force feedback,
thereby optimizing their trajectory accuracy and could adapt their movement to different environments.
These findings are well in line with those from [39], who found that all subjects showed a similar hand
path even if different weights were attached to the subject’s wrist during reaching tasks. More precisely,
only the first movement, after the load change, followed a distinctly different path. Considering the
Aiming Angle index, no differences across the forces were found. This could be a result of the
insignificant intrinsic variability of Aiming Angle indeXx, as it emerged from the CV values, which
completely overlapped the differences between F0O and F1 and highlighted by both Length Ratio and
Lateral Deviation.

Considering the smoothness of the trajectories, evaluated by means of Speed Metric and
Normalized Jerk, a large number of differences between the varied force tasks occurred in the lower
quadrant and in the W and E directions. In particular, Speed Metric indicated that the smoothness of
movement decreased as the force increased. This result corroborates with the findings of [39], which
showed a dependency between speed of movement and the magnitude of the applied force. Since the
Speed Metric depends on velocity, a variation in speed of movement leads to a variation of movement
smoothness. To summarize, healthy subjects respond to variations in force magnitude with movements
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of similar duration, promptly adapting accuracy of movement as soon as the force field application
occurs, and, subsequently, decreasing the smoothness with an increase in force level. In fact, subjects
perceive the changes as soon as the field is applied and he is able to compensate for these changes very
quickly, in terms of duration and accuracy, but not in terms of smoothness. Finally, in order to perform
perturbed reaching movements, subjects prefer to optimize the duration and accuracy of trajectories in
response to the smoothness.

4.3. Do Movement Directions Influence Motor Performance?

In reference to the direction of movement, all of the indices showed the same results. In particular,
when focusing on the time needed to perform the reaching task, subjects were able to reach the N
target in the shortest time and, in general terms, the movement performed in the upper quadrant
required less time to be completed. In terms of accuracy and smoothness of movement, results indicate
that the trajectories made in the upper quadrant were smoother and more accurate than the other
movements. These results are in line with [14], where subjects performed planar reaching tasks in a
perturbed environment. Specifically, the authors observed an increase in the difference between the
path traveled by the subject and the ideal path, especially in the directions of movement in which the
subject primarily perceived inertial effect of the robotic device. Our results have also confirmed the
outcomes of [40,41], whereby the authors inferred that the movement anisotropy of the human arm,
i.e., having different dynamical behavior in a different direction of measurement, is responsible for a
directional variability of movement kinematics in healthy subjects. Furthermore, the magnitude of the
distance between the ideal trajectory and the actual one varies as subjects move in different directions,
while experiencing the same structured force field.

Considering the smoothness indices, small differences occurred between W and E. In particular,
subjects were more capable of compensating for different force fields in the E direction with respect to
the W one. This is probably because all of the subjects were right-handed. Comparing the effects of the
directions of movement with the effects of the different force fields, the change in the kinematics over
the eight directions, suggests that the subjects were able to balance the force field performing straight
trajectories, but were not able to control the inertial anisotropy of the upper limb.

5. Conclusions

In this paper, a new protocol has been proposed, which is based upon the use of virtual reality and
a portable haptic device for tele-rehabilitation to evaluate movement performance during perturbed
3D reaching tasks. More specifically, the protocol consisted of several tasks with increasing levels of
difficulty, which can aid in the assessment of functional recovery to impaired upper limbs. We validated
our protocol by using the most widely kinematic indices to evaluate motor performance in reaching
tasks. As a result, Duration of Movement, Length Ratio and Speed Metric have shown less variability,
yet proving to be the most reliable kinematic indices. Therefore, these indices are the most suitable
for assessing kinematic performance during the reaching tasks contained in this proposed protocol.
Considering the different force fields, subjects were able to optimize trajectory in terms of duration
and accuracy but not in terms of smoothness during perturbed reaching tasks. In terms of direction of
movement, the best motor performance occurs when the movement trajectories were performed using
the upper quadrant, compared to those exhibited by the lower quadrant, which indicates that subjects
were not able to control the inertial anisotropy of the upper limbs.

This study sought to evaluate the potential use of the Novint Falcon and the proposed protocol
for motor performance assessment on healthy subjects. Before testing the protocol on subjects affected
by neurological disorders, our goal was to quantify the variability of the data gathered from a healthy
population to assess the viability of our protocol while identifying reliable motor performance indices.
The encouraging results obtained suggest the need for future testing of the protocol on a population
with neuro-motor disorders and, ultimately comparing these acquired results with those of healthy
subjects so as to monitor the progress of the therapy and the state of recovery during rehabilitation.
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The device and the proposed protocol will be useful in the sub-acute phase, thereby enabling patients
to continue their rehabilitation therapy in a domestic environment.
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