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Abstract.
BACKGROUND: Although robotic therapy is at the forefront of upper limb rehabilitation, there is limited information about
the importance of selecting age-matched subjects to evaluate recovery of arm movement during rehabilitation.
OBJECTIVE: This study aims to quantify differences in the arm motion of healthy children and adults when they interact with
a planar robot, in order to determine whether an age-matched control group is necessary in clinical studies involving pediatric
patients.
METHODS: Ten children (aged 7 to 10 years) and ten adults (aged 23 to 25 years) performed, at self-selected speed and
accuracy, planar-reaching and circle-drawing movements with a robotic device. We analyzed the motor performances for the
two groups quantifying the participants’ dexterity in completing two chosen tasks. The measurement of the entire upper limb
was obtained by merging the data provided by the robot with that of an optical tracking system.
RESULTS: Children drew circles with less smoothness than adults but with the same accuracy and joint coordination. During
planar reaching task, children optimized only the coordination but performed the movement with less accuracy and smoothness
than adults.
CONCLUSIONS: Our findings provide evidence that age-matched healthy children should be used to quantify the recovery of
robot-mediated therapy in children with upper limb impairments.
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1. Introduction

During the 1990s [51] robot-mediated therapy
(RMT) emerged as an effective tool to restore the
motor function of the upper limb [29, 30, 38, 39],
both in stroke survivors [10, 11, 13, 32, 37] and, more
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recently, in children with cerebral palsy [4, 12, 16, 17,
53].

In order to assess the residual motor ability of
impaired subjects and to quantify the effects of RMT on
patients, the collection of baseline data from a control
group of healthy subjects is generally needed [23, 27,
31, 35]. Thus, the question of whether the control group
has to be age-matched or not is crucial in experimental
design. Yadav and colleagues [56] have demonstrated
that young and mature healthy subjects respond dif-
ferently while interacting with a planar rehabilitation
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robot and, consequently, they highlighted the impor-
tance of a similar control group in studies with mature
stroke survivors. No studies, to the best of our knowl-
edge, have been conducted to ascertain whether the
control group has to be age-matched in RMT clinical
studies involving pediatric patients.

A number of developmental studies indicated that
the complete development of motor control is achieved
at different ages as a function of: (i) the required motor
tasks, such as reaching or drawing; (ii) the plane where
the arm movement is performed; and (iii) the number of
degrees of freedom that has to be coordinated in order
to complete the motor task. However, the examination
of studies based on the evaluation of motor behavior
of healthy children and adults while performing goal-
directed [36, 44, 48, 49] and drawing [40, 41] tasks
without a rehabilitation robot can only partially address
our question. It is important to note that the two tasks
are commonly used in RMT [3, 25]. Studies focused on
goal-directed tasks have reported that a younger cohort,
as compared with adults, demonstrates differences in
arm movements that can be summarized as slower
movements, and lower smoothness and accuracy [36,
48, 49] together with an increase in the variability
of results in arm movements [44, 49]. In particular,
Thomas et al. [48] reported that children showed lower
speed and accuracy than adults while performing rapid
goal-directed tasks in a frontal plane. Scheneiberg et al.
[44] found that children aged 6 to 8 years had motor
performance similar to adults in trajectory kinemat-
ics when performing movements in the sagittal plane,
while an increased variability in inter-joint coordina-
tion patterns persisted also in 11-year-old children.
Conversely, Traynor et al. [49] found that during repeti-
tive reaching, data variability increased and movement
smoothness decreased comparing adults with children;
they concluded that the neuromuscular strategies of
children do not match an adult-like pattern. Regarding
drawing tasks, Robertson [40, 41] found that children
aged 8 to 10 years performed the required task in a
manner similar to adults.

Due to the different level of motor control devel-
opment in upper arm movement, the evaluation of
differences between children and adults when they
execute typical RMT movements is required to assess
whether the control subjects have to be from the same
age group. Few studies have been conducted in order
to highlight differences in the motor adaptation of chil-
dren and adults to force-dependent fields in reaching
movements performed with a robotic device [21, 22,

46]. While Jansen-Osmann et al. [21] and Konczak
et al. [22] used an ad-hoc robotic device, Takahashi
et al. used a commercially available robotic device
(Phantom, Sensable Technologies, Inc., Woburn, MA),
which is generally utilized to quantify the RMT effi-
cacy [2]. Takahashi et al. [46] observed that, in
performing uninhibited movements, children’s hands
had greater trial-to-trial variability than adults’ hands.
However, these findings cannot completely character-
ize the upper arm age-related differences, since they
were limited to hand kinematics and kinetics and to
reaching movements performed only in one direction.

Thus, to quantify the age-related differences
between adults and children with a wider focus, our
research chose: (i) to use the 2 DOFs, the planar mod-
ule of the MIT-Manus, since it is one of the most
recognized rehabilitation robotic devices [28]; (ii) to
analyze the motor tasks that are commonly used during
robotic rehabilitation, such as point-to-point reaching
movements and circle-drawing tasks.

In conclusion, this study is designed to assess
whether the control subjects have to be within the same
age group in RMT clinical studies involving pediatric
subjects, by answering the following question: Are
movement coordination, accuracy and smoothness sig-
nificantly different between children and adults when
they perform circle-drawing and point-to-point tasks
with a rehabilitation robot? The results can provide
new insight into the developmental aspects of motor
control that can be useful in the design of controllers
for robotic rehabilitation devices.

2. Methods

2.1. Ethics statement

Informed consent, in written form, was obtained
from all adults and parents or legal guardians of the
children involved in the study. The Research Ethics
and Medical Board of the Bambino Gesù Children’s
Hospital approved the experimental protocol. The pro-
tocol conforms to the ethical standards outlined in the
1964 Declaration of Helsinki.

2.2. Subjects

A convenience sample of ten normally developed,
unimpaired, right-hand-dominant children (age range:
7 to 10 years, body mass: 36.4 ± 4.7 kg, height:
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140 ± 7 cm) and ten healthy, unimpaired, right-hand-
dominant young adults (age range: 23 to 25 years,
body mass: 67.3 ± 9.7 kg, height: 165 ± 10 cm) was
enrolled in this study at the Movement Analysis and
Robotics Laboratory (MARlab) of the Bambino Gesù
Children’s Hospital. Hand dominance was established
as the hand that participants used for writing and per-
sonal activities.

The inclusion criteria for all subjects were: absence
of neurological and visual deficits, physiological range
of motion (ROM) for elbow and shoulder, and adequate
anthropometric measures in order to freely move the
end-effector in the robot workspace. All subjects were
naı̈ve to the robotic device and the tasks.

2.3. Equipment

The comparative examination of upper arm move-
ments in children and young adults was performed via
a system composed of a robotic device and an optical
tracking system.

We used the InMotion Arm Robot (Interactive
Motion Technologies Inc., Watertown – USA), which
is the commercial version of the MIT-Manus, designed
for the rehabilitation of elbow and shoulder. This
robot, widely tested on adults, has already been used
in studies with children [12, 17, 24]. Therefore, the
highly backdriveable low-friction robot does not inter-
fere with motion and allows the individual to freely
move the end-effector. In addition it provides two trans-
lational degrees of freedom (DOF) and restricts the
subject’s hand motion to the horizontal plane. During
all movements analyzed in this paper, the robot acted
as a low friction passive measurement device. The
machine records at 200 Hz the end-effector position
(with accuracy of 0.1 mm) and force (with resolution
of 0.025 N for Fx and Fy, 0.05 N for Fz, and 0.00125
Nm for Tx, Ty and Tz). A computer screen located in
front of the participant provided visual feedback dis-
playing in real-time the location of the desired targets
and of the handle’s position.

A six cameras optical tracking system (Vicon 512
camera-workstation, workstation 4.0 software, 120 Hz,
Oxford UK) was used. Static and dynamic calibration
procedures, performed in accordance with the man-
ufacturer’s indications, showed that the overall RMS
error associated with the marker position was ∼1 mm,
over a calibration volume of 1 m × 1 m × 0.5 m cen-
tered on the robot workspace.

Fig. 1. Young adult participant engaged in the circle-drawing task
with InMotion Arm Robot installed at the Movement Analysis and
Robotics Laboratory (MARlab) of the Bambino Gesù Children’s
Hospital. Except for the one placed on the sternum, all the markers
for the optical tracker system are showed in the figure.

Data provided by the robot were low-pass filtered
and then resampled at 120 Hz and smoothed by using a
6th order Butterworth filter (cut-off frequency: 10 Hz)
while marker positions were postprocessed via the
Woltring filter (Mean Square Error: 30).

2.4. Procedure

Participants were comfortably seated on a chair in
front of a table, whereon the video screen was placed
at a distance of 55 cm, with their dominant hand grasp-
ing the end-effector, see Fig. 1. Since the end-effector
diameter was 3.0 cm, both the adults and the children
were able to grasp it comfortably. A five-point seat-
belt, with vertical straps positioned anterior-medially
to the shoulders, was applied during all sessions to
limit trunk compensation movements. In addition the
right participants’ forearm was strapped to a support to
limit/prevent all wrist movements and forearm prono-
supination. The center of the workspace was located in
front of the subject at the body midline. As regards the
initial position, for each subject the chair was posi-
tioned so that, with the end-effector located on the
central target, the elevation of the shoulder was 45◦
and the elbow was slightly flexed. As the chair was
blocked with respect to the table, we asked the chil-
dren to move the end-effector in order to check if they
could comfortably reach all workspace points. Each of
the children enrolled in this study was able to do that.
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Fig. 2. Visual template of: (left panel) circle-drawing task and (right panel) point-to-point tasks. For both tasks, the yellow circle indicates the
position of the end-effector. In the circle-drawing task, the arrow indicates starting point and direction (CW in the figure). In the point-to-point task,
the target to be reached is showed by the red circle. (Colours are visible in the online version of the article; http://dx.doi.org/10.3233/ABB-140095)

Nine markers for the optical tracking system were
placed over subjects’ specific anatomic landmarks: 4
markers on the trunk (sternum, left and right acromion,
and 7th cervical vertebra), 3 not collinear on the upper
arm, and 2 on the elbow (medial and lateral epicondile).
An additional marker was placed on top of the robot
end-effector and was also used to synchronize the sig-
nals gathered by the two systems.

The testing protocol consisted of: (i) an unassisted
tracking task (circle-drawing); and (ii) an unassisted
planar reaching task (point-to-point). The selected
tasks are generally used in the rehabilitation treatment
delivered by commercially available systems as InMo-
tion Arm Robot [24], Gentle [1] or ad-hoc research
prototypes [45]. Every participant took part in both
tasks and no specific instructions were given; con-
sequently, velocity and accuracy were self-selected.
Verbal encouragement and environmental distractions
were kept to a minimum.

In the circle-drawing task a circular template of 8 cm
radius was displayed on the screen (Fig. 2-left), and
participants were instructed to “trace the circle” mov-
ing the end-effector along the circumference. Their
hand was initially positioned at “9 o’clock” and the par-
ticipants were asked to draw in sequence five clockwise
circles (CW) and five counterclockwise circles (CCW)
starting and ending at the same point.

In the point-to-point task, eight targets equally
spaced in a circular pattern (radius: 14 cm) and one
target positioned in the circumference center, coin-
cident with the workspace center, were displayed on
the screen as colored circles with diameters of 2 cm

(Fig. 2-right). Subjects were asked to perform the
goal-directed planar reaching movements with one
continuous stroke from the central target to the periph-
eral targets and back, starting at the “North” position
and proceeding clockwise. The movement was divided
into sixteen reaching movements (8 directions, back-
ward and forward movements) by processing off-line
the manipulandum speed. Specifically, the movement
was considered to start as the velocity first exceeded a
threshold of 2% of peak velocity; conversely, the move-
ment ended when the velocity dropped below the same
threshold and the pointer was already inside the target
[42]. The task was repeated five times.

At the beginning of the experimental protocol the
subjects familiarized themselves with the robot and
the required movements, performing three CW and
three CCW circle drawing tasks, and three point-to-
point tasks. These movements were not analyzed in
this paper.

In order to evaluate the kinematics of the upper limb,
a biomechanical model was developed. It consisted
of three segments – trunk, upper arm, and forearm
– connected together through the shoulder and elbow
joints. The shoulder was modeled as a ball and socket
joint with 3 DOFs while the elbow was modeled as
a hinge joint. We assumed that centers of rotation
of both joints were fixed and we ignored the fore-
arm prono-supination and all the DOFs of the wrist
due to the use of the orthotic device previously men-
tioned. Shoulder angles were computed following the
approach described in Krabben et al. [23], based on the
ISB recommendations [55]; specifically, we computed:

http://dx.doi.org/10.3233/JAD-122155
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the orientation of the plane of elevation (θsh1); the
elevation and the axial rotation of the shoulder joint
(θsh2) and, finally, the flex-extension angle of the
elbow joint (θel). It is worth noting that preliminary
tests were conducted in order to check for differences
between groups in mean ROMs. Results showed that,
during the circle trials, the mean ROM for all the com-
puted angles produced similar results for adults and
children (adults: θsh1 = 31 ± 7◦; θsh2 = 14 ± 5◦; θel=
32◦ ± 7◦; children: θsh1 = 34◦ ± 6◦; θsh2 = 17 ± 7◦;
θel = 37◦ ± 12◦). Also the P2P preliminary test
showed the absence of significant differences between
groups for θsh1, θsh2 and θel (adults: θsh1 =
17◦ ± 9◦; θsh2 = 6 ± 4◦; θel = 17◦ ± 10◦; children:
θsh1 = 20◦ ± 10◦; θsh2 = 8 ± 5◦; θel = 22◦ ± 12◦).

Torques acting at the shoulder and the elbow were
computed by using the above-described biomechanical
model, the force measurements, and a Newton-Euler
recursive algorithm. The required anthropometric mea-
sures – i.e. center of mass, weight and moment of
inertia for each body segment – were deduced from
literature data [54].

2.5. Motor performance indices

Studies of sensory-motor performance have iden-
tified a multitude of indices to quantify accuracy,
smoothness and motor coordination for investigating
the effect of age, disease, or therapeutic intervention.
In addition, the gathered recordings from the robotic
system and the optical tracking system represent a large
amount of raw biomechanical data that should be pro-
cessed to capture relevant distinctive features between
children and adults subjects. Thus, the full analysis
of the upper limb conducted here permitted the com-
putation of a set of kinematic and kinetic variables
evaluated in previous studies only on data provided
by the robot and with simplifying assumptions on the
upper limb kinematics [5, 7, 9, 18, 42, 47].

2.5.1. Kinematic indices
As regards the circle-drawing task, to characterize

movement accuracy, smoothness, and synergy between
shoulder and elbow joints, we have selected three
indices. The Point Into Area (PIA) [18] expresses the
percentage of points of the trajectory inside an annu-
lar region around the desired trajectory. As regards
the selected threshold value, we tested the value of
1 cm proposed by Frascarelli et al. [18] and we low-
ered it to 0.5 cm and 0.1 cm. However, considering the

overall RMS error associated to the optoelectronic sys-
tem (∼1 mm), we did not go below this threshold. The
Speed Metric (SM) [42] is defined as the ratio between
the mean speed and the maximum speed. Finally, the
Joint Angles Correlation Metric (JACM) [7] is defined
as:

JACM = C(θ1, θ2)√
C(θ1, θ1) · C(θ2, θ2)

(1)

where C is the covariance matrix, θ1 is the angle relat-
ing to the orientation of the plane of elevation of the
shoulder, and θ2 is the flex-extension angle of the
elbow.

With respect to the point-to-point task, to charac-
terize movement accuracy and smoothness, we have
selected the following indices: the Position Error (PE)
[5] is determined by the ratio of the actual length path
and the theoretical one, which is the distance from the
starting to the ending target; the Normalized Jerk (NJ)
[47] is expressed by the following equation:

NJ =
√√√√1

2

∫
j2 · T 5

(∑
dR

)2 · dt (2)

where j is the jerk and T is the duration of the
movement.

Thus, movement accuracy was measured by means
of PIA and PE (lower values of PIA and higher values
of PE correspond to trajectories affected by lower accu-
racy); movement smoothness was quantified by means
of SM and NJ (higher values of SM and lower values
of NJ indicate smoother movements); synergy between
shoulder and elbow joints was evaluated using JACM
(lower values indicate higher independence between
joints).

2.5.2. Kinetic index
Kinetic data, for both tasks, were analyzed by means

of the Torque Sign (TS) index, proposed by Dounskaia
et al. [9]. In order to evaluate TS for shoulder and
elbow joints, the torque estimated at each joint was
articulated in the following components: net torque
(NT), proportional to angular acceleration at the joint;
interactive torque (IT), depending on motion at both
joints; and, finally, generalized muscle torque (GMT),
which includes the muscle activity and the viscoelastic
properties of the entire arm. Gravitational torque was
not taken into account, since movement was restrained
to the horizontal plane. The relationship between the
previously cited torque components is, for the elbow:
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GMTe = NTe − ITe (3)

while for the shoulder:

GMTs = NTs − ITs − GMTe (4)

In the ITe term, we included also the interaction
between the subjects and the end-effector, taking into
account forces measured by the six-component load
cell of the robot.

Finally, TS was computed as the percentage of time
when GMT had the same sign of NT and it represents
the percentage of time in which each joint gives a pos-
itive contribution to movement acceleration. Higher
values of the index TS represent a higher contribution
of the muscles to produce the net joint displacement.

2.6. Statistical analysis
All data were tested for normality with the Shapiro-

Wilk test. The significance level was set at 0.05 for
all statistical tests. All the kinematic indices cho-
sen for the circle-drawing task were analyzed with
GROUP × ROTATION, i.e. 2 × 2, mixed ANOVA
design tests. We used GROUP (adults vs. children)
as between-subjects factor and ROTATION (CW vs.
CCW) as within-subjects factor to investigate whether
the rotation direction affects the motor control of chil-
dren and adults in a different way.

As regards the point-to-point task, a
GROUP×DIRECTION, i.e. 2×8 mixed ANOVA
tests, were performed on the kinematic indices.
Specifically, we used GROUP (adults vs. children) as
a between-subjects factor and DIRECTION (N, NE,
E, SE, S, SW, W, and NW) as a within-subjects factor
to investigate whether the directional distribution of
the kinematic variables is similar in the two groups.
We adopted the Greenhouse-Geisser correction when
the Mauchly’s test was significant and the assumption
of sphericity was violated. If the interaction effect
GROUP × DIRECTION was significant, we broke
down the interactions comparing children and adults
with paired t-tests at each level of DIRECTION.

Torque sign (TS) was analyzed with
GROUP × JOINT, i.e. 2 × 2, mixed ANOVA
design tests. We used GROUP (adults vs. children)
as between-subjects factor and JOINT (elbow vs.
shoulder) as within-subjects factor. The ANOVA
tests were conducted separately for each rotation
(circle-drawing task) and direction (point-to-point
task).

Statistical analyses were performed with built-in
functions of SPSS 20 (IBM, Armonk, NY).

3. Results

3.1. Circle-drawing task

The upper panels of Fig. 3 show the end-effector
trajectories of representative trials collected with
a child and an adult during the execution of the
circle-drawing task. Kinematic indices are reported
in Fig. 4. Regarding the movement accuracy index
Point Into Area PIA, the GROUP × ROTATION mixed
ANOVA test showed the main effect GROUP and
the interaction factor were not statistically differ-
ent for the three selected threshold values (1 cm,
0.5 cm and 0.1 cm). Therefore, we reported results
only for the 0.1 cm threshold value since it repre-
sents the most challenging condition for both groups.
Moreover, children and adults showed a higher value
for PIA (p < 0.001) in the CW condition (children:
80.4 ± 12.2%; adults: 75.9 ± 13.9%) than in the CCW
one (children: 66.5 ± 19.4%; adults: 66.6 ± 17.9%).
The smoothness index Speed Metric SM was higher for
adults than children (p < 0.001), for both CW (children:
0.43 ± 0.06; adults: 0.59 ± 0.08) and CCW direction
(children: 0.41 ± 0.07; adults: 0.59 ± 0.08), while the
main effect ROTATION (p = 0.562) and the interaction
factor (p = 0.430) were not significant. The coordina-
tion index Joint Angle Correlation Metric JACM did
not show significant main effects (GROUP: p = 0.385,
ROTATION: p = 0.591) nor did the interaction factor
(p = 0.463).

Figure 5 shows the results for the kinetic
index Torque Sign TS at shoulder and elbow.
TS at shoulder is always higher than at elbow
(p < 0.001) for both CW (shoulder: children,
92.47 ± 3.16%; adults, 92.28 ± 3.21%; elbow: chil-
dren, 48.41 ± 5.21%; adults, 49.41 ± 6.20) and CCW
directions (shoulder: children, 92.17 ± 2.99%; adults,
89.76 ± 4.94%; elbow: children, 49.01 ± 3.84%;
adults, 49.90 ± 7.22%). The interaction factors were
all not significant (CW: p = 0.478; CCW: p = 0.316)
and no differences between groups were found (CW:
p = 0.614; CCW: p = 0.353).

3.2. Point-to-point task

The lower panels of Fig. 3 show the end-effector
trajectories of representative trials collected with a
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Fig. 3. Paths traced by two representative subjects from groups of children and adult: (upper panels) circle-drawing task in clockwise and
counter-clockwise directions, (lower panels) point-to-point task.

child and an adult during the execution of a point-
to-point task. The Position Error PE and Normalized
Jerk NJ are reported in Fig. 6. An ANOVA mixed test
performed on the index PE showed significant differ-
ences between groups (p < 0.001), with higher values
for children (children, E: 1.08 ± 0.05; N: 1.17 ± 0.10;
NE: 1.12 ± 0.06; SW: 1.09 ± 0.09; SE: 1.10 ± 0.12; S:
1.09 ± 0.07; W: 1.06 ± 0.04; NW: 1.10 ± 0.11; adults,
E: 1.04 ± 0.03; N: 1.02 ± 0.01; NE: 1.06 ± 0.04;
SW: 1.03 ± 0.02; SE: 1.04 ± 0.04; S: 1.03 ± 0.02; W:
1.04 ± 0.03; NW: 1.06 ± 0.16). Conversely, DIREC-
TION (p = 0.310) and the interaction factor (p = 0.158)

were not statistically meaningful. As regards NJ,
GROUP (p < 0.01) and DIRECTION (p < 0.05)
together with the interaction factor (p < 0.01) showed
a statistically significant difference. More specifically,
children showed higher values of NJ than adults
(children, E: 69.39 ± 33.81; N: 62.92 ± 25.68;
NE: 54.85 ± 36.87; SW: 45.46 ± 24.36; SE:
59.36 ± 43.98; S: 81.67 ± 43.22; W: 43.65 ± 28.59;
NW: 91.53 ± 52.53; adults, E: 25.22 ± 18.00; N:
37.22 ± 26.07; NE: 26.98 ± 15.79; SW: 20.56 ± 8.51;
SE: 26.02 ± 9.84; S: 33.86 ± 22.31; W: 26.53 ± 12.09;
NW: 18.83 ± 6.63), while T-tests revealed significant



98 A. Pacilli et al. / Quantification of age-related differences in reaching and circle-drawing

Fig. 4. Mean and standard deviation for Point in Area (PIA), Speed Metric (SM), and Joint Angles Correlation Metric (JACM) indices, for each
group and direction. The symbol ∗ indicates when two values are significantly different.

Fig. 5. Mean and standard deviation for Torque Sign (TS) index, for each group, joint, and direction. The symbol ∗ indicates when elbow is
significantly different from shoulder.

differences between adults and children for each
direction (E: p < 0.001; N: p < 0.05; NE: p < 0.05;
SW: p < 0.01; SE: p < 0.05; S: p < 0.01; NW:
p < 0.001), with the exception of the W condition
(p = 0.07).

Kinetic index torque sign TS for the shoulder
and elbow is reported in Fig. 7. For each direc-
tion, TS at the shoulder is higher than at the

elbow (p < 0.001) for both groups and no differ-
ences between groups were found (N: p = 0.262; NE:
p = 0.320; E: p = 0.852; SE: p = 0.754; S: p = 0.517;
SW: p = 0.321; W: p = 0.836; NW: p = 0.122; the mean
values across direction are, for children 48.83 ± 13.17
and for adults 48.69 ± 15.43). Also the interaction
factors were not significant for each direction (N:
p = 0.452; NE: p = 0.190; E: p = 0.798; SE: p = 0.280;
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Fig. 6. Mean and standard deviation for Position Error (PE) and Normalized Jerk (NJ) indices, for each group and direction. The symbol ∗
indicates when the children are significantly different from adults.

S: p = 0.645; SW: p = 0.444; W: p = 0.730; NW:
p = 0.927).

4. Discussion

In this study, we quantified the differences between
normally developed children and young healthy sub-
jects in the upper limb movements while performing
tracking tasks and multi-direction reaching movements
with a backdriveable low-friction rehabilitation robot.
Thus, the machine did not interfere with motion and
allowed the individual to move the manipulandum
freely.

The main finding of this study was that children
aged 7 to 10 years have the same joint coordination
and torque control as adults, but they developed an
adult-like accuracy only in tracking tasks. Moreover,
the distinguishing feature of upper arm movements in
children is the lack of smoothness; in fact, it was always
lower than that of adults for both motor tasks.

In the following subsections the movement coor-
dination, accuracy and smoothness are separately
discussed.

4.1. Movement coordination

The quantification of the shoulder and elbow torques
allows us to interpret the control strategy used by the

CNS to move the limb. In particular, the analysis of
Torque Sign TS aimed to reveal whether there are dif-
ferences between adults and children in the role of
torque control for the production of motion at the elbow
and shoulder joints. The index TS assumed higher val-
ues at the shoulder joint for both groups, and for both
motor tasks independently of the movement direction.
Therefore, the shoulder can be considered the leading
joint, while the elbow is the subordinate joint. Hence, at
the elbow level the role of Generalized Muscle Torque
GMT is to adjust the motion at this joint, correcting the
Interactive Torque IT in order to efficiently complete
the motor task.

Moreover, the absence of significant differences
between the two groups might suggest that in nor-
mally developed children aged 7 to 10 years the two
major stages of motor learning – i.e. the exploitation
of the biomechanical properties of the leading and the
subordinate joint – are already achieved.

The maturity of children’s motor strategy is also
suggested by an exam of Joint Angles Correlation
Metric JACM values in the circle drawing task,
which are not significantly different from those of
adults.

These findings suggest that children’s CNS correctly
blends both proprioceptive and visual information,
which has already been shown to be crucial in upper
limb joint coupling and coordination [43].
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Fig. 7. Mean and standard deviation for Torque Sign (TS) index, for each group, joint, and direction. The symbol ∗ indicates when elbow is
significantly different from shoulder.

4.2. Movement accuracy

As regards the drawing circle tasks, the lack of sig-
nificant differences between groups in the index Point
Into Area PIA suggests that the visuomotor system of
children is capable of using, in an adult-like manner,
visual information to evaluate the disparity between the
performed and the desired trajectories reported on the
monitor, and to correct the ongoing movement. This
outcome confirms the findings of Robertson [40] in
which the movement accuracy is not different between
8-year-olds and adults during circle drawing. Indeed,
children reveal the same tendency as adults, tracing
more accurate circles in the clockwise direction than
in counterclockwise one.

Conversely, during reaching tasks, the significant
differences between the two groups in the Position

Error PE clearly shows that an adult-like accuracy
is not yet achieved by children aged 7 to 10 years.
Moreover, no differences emerged among the direc-
tions and no significant interactions were found: this
can be interpreted as children need to improve their
capacity for making straight paths through the entire
workspace here examined. Our findings confirm the
decrease in accuracy in children during reaching move-
ment, as reported by Thomas et al. [48]. Interestingly,
our results stand in contrast to the results of Schneiberg
et al. [44], in which children aged 6 to 8 years attained
adult-level accuracy. It can be explained by the dif-
ferent kinds of required reaching tasks which, in the
Schneiberg’s study, were performed in a sagittal plane.
It confirms that the complete development of motor
control is achieved at different ages as a function of
the plane where the movement is performed.
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4.3. Movement smoothness

As regards the circle-drawing task, the Speed Met-
ric SM index was significantly lower in children than
in adults in both directions: this result demonstrates
that children perform the required movement assigning
higher priority to accuracy with respect to smoothness.

During reaching movements, the Normalized Jerk
NJ index was lower in children than in adults. This
result demonstrates that movement smoothness is not
yet maximized by children aged 7 to 10 years irrespec-
tive of the required motor task. The present finding
is consistent with the results of Traynor et al. [49]
in which smoothness decreases with developmental
age and assumes the lowest value in adults. Moreover,
smoothness in point-to-point task varies among the
reaching directions. Specifically, in the W direction,
the Normalized Jerk NJ is not statistically differ-
ent between groups and it assumes the lowest value
for the children. The effect of different directions on
movement smoothness confirms the outcomes of other
studies [6, 14, 19, 31] that highlighted the relationships
between the inertial anisotropy of the upper arm and
the spatial distribution of the kinematic pattern. Specif-
ically, they found that, in the direction characterized
by higher values of arm inertia, movements are per-
formed with higher velocity, higher acceleration and
less duration; instead, in the direction perpendicular
to the previous one, the kinematic error is lower. In
our case, the lower smoothness showed by children
could be because it is harder for them to adequately
compensate for changes in limb inertia related to the
change in movement direction, and this is especially
evident in the direction with lower values of inertia. In
fact, in the W direction, where inertia is higher [19],
there are no differences between the two groups and
therefore we could infer that here the upper limb con-
figuration is the easiest for children to manage. As
regards the influence of movement direction on motor
performance, it is worth noting that a similar behav-
ior was also found at the ankle, where the movements
in the dorsi/plantar flexion direction were performed
with different kinematic patterns compared with those
performed in inversion/eversion direction [34]; in that
case, however, the differences were related both to a
different control capability in the two analyzed direc-
tions, and to the mechanical properties of the joint,
rather than to different inertia of the joint.

Children in the selected age range show greater
movement variability in all directions, as assessed by

the mean standard deviation of the NJ. This is consis-
tent with the results obtained by Takahashi et al. [46]
who considers the motor performance limitations in
children caused by an incomplete definition of the plan-
ning process due to the body changes of developmental
age.

From a global examination of the collected data the
children aged 7 to 10 years perform arm movements
with a lower smoothness than adults. How could we
explain it? A widely shared idea affirms that the CNS
plans the motor strategy minimizing critical parame-
ters of trajectory (e.g. jerk [15], or torque [50]) in order
to achieve an accurate and smooth movement. This
hypothesis is supported by the smoothness decrease
in patients with neurological disease such as stroke
survivors [42] or children with cerebral palsy [25] com-
pared with healthy subjects. Following that hypothesis,
our results could be ascribed to an incomplete def-
inition of the movement planning performed by the
CNS, due to a developing nervous system [46]. How-
ever, the main role of the CNS in generating smooth
trajectories has been questioned by other authors [20,
26] who have suggested that the intrinsic properties
of active muscle tissue may be sufficient to produce
smooth motion, even in the absence of specifically
programmed neural inputs. Following that approach,
our results could be related to the actual morphologi-
cal muscular differences between adults and children,
like force-velocity relationship, stiffness [52] and
mass.

Our results cannot completely answer the previ-
ous question and, therefore, future study will seek to
identify the roles played by the muscles and CNS to
generate a smooth motor trajectory. Nevertheless, inde-
pendently of the physiological mechanisms underlying
the observed difference, our data extend the previous
results on elderly subjects that showed a degradation of
smoothness with ageing [5, 56], pointing out the impor-
tance of evaluating the motor performance of pediatric
patients with an age-matched control group.

Therefore, from a rehabilitation perspective, our
findings lead to new insights in motor rehabilitation.
Firstly, as regards children, the quantitative perfor-
mance indices used to assess changes due to the
pathological impairment could lead to a more specific,
patient-tailored rehabilitation plan. Moreover, on the
basis of our results, one might speculate that the degree
of assistance that the robot provides during the therapy
session should be varied according to the developmen-
tal stage of subjects’ motor control and the required
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motor task [33], in order to enhance beneficial thera-
peutics effects. Secondly, our results may lead to an
improvement of the controllers for the rehabilitation
robots, especially for subjects with stroke. Previous
works on the design of control algorithms for rehabil-
itation robots were based on the hypothesis that the
recovery process is similar to the motor learning pro-
cess [33]. The last one was found to be crucial during
the recovery and better characterizes, compared to an
adaptation process, the improvements of the patients
with stroke during the training with the robotic devices
[8]. Therefore, the comprehension, in term of kine-
matics and kinetics, of the step by step process that
brings children to an adult-like motor behavior, could
be useful to design controllers that make the therapy
more effective by developing more natural rehabilita-
tion scenarios.

One must refer to our findings with the appropriate
caveats. When comparing pathological children with
a control group there is a greater variability of perfor-
mance indicators due to both the pathology and the
motor control development which usually proceeds
at different times. One could take into account for
this problem by increasing the number of the subjects
involved in the control group and/or grouping chil-
dren in different age ranges. The well choice of the
age range is a crucial issue in studies which compare
children with pathology and healthy subjects. In fact
if the age range is large, the variability of the control
group increases and it could hide a difference related
to the pathology. Conversely, if the age range is small
it is possible to misinterpret a difference related to
motor control development with a difference induced
by pathology.

5. Conclusions

This study aimed to compare the motor skills of
normally developed children and healthy adults per-
forming two tasks usually employed in robot-mediated
therapy. Our results, which take advantage of the inte-
gration of the robotic device and the optical tracking
system, show that children aged 7 to 10 years have the
same level of motor coordination of adults and prefer to
optimize the accuracy with respect to smoothness dur-
ing the circle-drawing task. Moreover, they perform
both tasks with a less smooth trajectory.

In conclusion, the findings of this study provide
evidence for the current practice of quantifying the

recovery of arm motion during rehabilitation with age-
matched subjects among pediatric patients.
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