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Abstract: A deep analysis of ankle mechanical properties is a fundamental step in the design of
an exoskeleton, especially if it is to be suitable for both adults and children. This study aims
at assessing age-related differences of ankle properties using pediAnklebot. To achieve this aim,
we enrolled 16 young adults and 10 children in an experimental protocol that consisted of the
evaluation of ankle mechanical impedance and kinematic performance. Ankle impedance was
measured by imposing stochastic torque perturbations in dorsi-plantarflexion and inversion-eversion
directions. Kinematic performance was assessed by asking participants to perform a goal-directed task.
Magnitude and anisotropy of impedance were computed using a multiple-input multiple-output
system. Kinematic performance was quantified by computing indices of accuracy, smoothness,
and timing. Adults showed greater magnitude of ankle impedance in both directions and for all
frequencies, while the anisotropy was higher in children. By analyzing kinematics, children performed
movements with lower accuracy and higher smoothness, while no differences were found for the
duration of the movement. In addition, adults showed a greater ability to stop the movement when
hitting the target. These findings can be useful to a proper development of robotic devices, as well as
for implementation of specific training programs.

Keywords: ankle impedance; kinematic performance; pediAnklebot; robotics; measurements

1. Introduction

In recent years, advanced technologies have allowed robot-mediated therapy to become a
prominent solution for rehabilitation, as an alternative and/or a supporting solution to traditional
rehabilitative programs [1,2]. Robotic devices permit intensive, controlled, and tailored rehabilitation,
as well as reducing the therapist’s burden [3]. Since the ability of locomotion is fundamental to avoid
the worsening of the quality of life [4], one of the main challenges in the robotic field is the design and
development of robots for ankle rehabilitation [5]; in fact it is well-known that the ankle joint plays
essential roles during walking, such as shock absorption, propulsion, lower limb coordination,
adaptation to different environments, and maintenance of stability [6]. From this perspective,
an appropriate design of robotic devices for the ankle joint is required for: (i) rehabilitating people
affected by neuromuscular diseases [7,8]; (ii) restoring athletes after injuries [9]; and, (iii) augmenting
human strength and endurance in industrial and military applications [10,11]. Through the aim of ankle
robotic device development, a full insight into kinematic performance and dynamic characterization
of ankle appears to be mandatory in order to design robots that operate in accordance with human
behavior, leading to a stable and effective physical human-robot interaction [12].
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As regards the kinematic performance, several experimental protocols have been developed for
quantifying kinematic indices using a robotic device. Among the protocols developed for kinematic
performance evaluation, goal-directed movements through the use of serious games represent the
most commonly adopted approach in clinical settings [13-16]. Generally, goal-directed tasks are used
to understand how the central nervous system optimizes kinematic parameters, such as movement
accuracy, smoothness, and speed, when a dynamic task is required [14]. These factors can be also
considered the most relevant to be pursued for a proper design of a robotic ankle [12]. However,
few studies have been conducted to evaluate ankle kinematic performance during goal-directed
tasks. Michmizos and Krebs evaluated the relationship between the speed and the accuracy in
both dorsi-plantar (DP) and inversion-eversion (IE) movements performed by adults, assessing the
possibility to describe this relation with Fitt’s law [17]. The same authors, in [18], compared several
models of speed profile in ankle pointing movements, finding that the best fitting models were those
already used for upper limbs during pointing movements.

By moving to the dynamic characterization, ankle impedance represents one of the main properties
to monitor during rehabilitation programs, as it is one of the most important mechanical components
involved in lower body stability during locomotion [19], providing fundamental information for
designing robotic devices physically interacting with human lower extremities [20]. In addition, it has
been already demonstrated that neurological diseases lead to a significant deterioration of ankle
impedance, with respect to healthy subjects [21]. The application of dynamic perturbations to the
examined anatomical joint and successive analysis of torque vs. angle graphs is currently the most
widespread methodology for the measurement of the dynamic joint mechanical impedance [20,22-24].
Different studies have been proposed in the literature for the objective measurement of ankle impedance
in adult subjects. More specifically, Lee et al. validated a stochastic methodology for the quantification of
ankle impedance, considering dumping, stiffness, and further dynamic aspects [25,26]. The innovative
aspect proposed by the authors is related to the feasibility of impedance evaluation in multiple
directions, overcoming the limits of the previously proposed approaches [27-29]. Following a similar
approach, Dallali et al. evaluated ankle impedance in the external-internal direction by analyzing the
lower limb muscle activation and by applying an artificial neural network that achieved accuracy of
85% in the impedance estimation [22]. Conversely, in the literature, a limited number of studies have
focused on ankle impedance evaluation in children. Alhusaini et al. [30] assessed ankle impedance by
analyzing the responses to imposed movements in dorsi-plantarflexion in children with cerebral palsy
(CP), while Martelli and colleagues [23] applied the methodology proposed by Lee [25] to quantify the
effects of botulinum toxin on dynamic ankle impedance.

Currently, the design of robotic devices for the rehabilitation of children is an increasingly
appealing and challenging field [16,31-34]. However, properly scaling robotic devices designed for
adults to match the characteristics of children, remains an existing challenge, and is generally recognized
as an important goal to achieve in the robotic field [35]. Considering this aspect, the quantification
of age-related differences in terms of kinematic and dynamic performance clearly represents the
starting point. However, no studies, to the best of the authors’ knowledge, have been conducted for
investigating the age-related differences in terms of ankle impedance between adults and children,
as well as regarding kinematic performance, such as accuracy and smoothness, during goal-directed
movements. Thus, this study aims at providing full insight into the ankle properties’ maturation
by comparing kinematic and dynamic performance indices in both DP and IE directions related to
healthy young adults and healthy children using a robotic device. The outcomes of the study could
offer important guidelines for the correct design and development of robotic devices and rehabilitation
protocols addressed for adults and children, as well as serving as a starting point for solving the issue
related to the scalability of robotic devices.
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2. Materials and Methods

2.1. Subjects

Sixteen healthy adults aged from 22 to 30 years old and ten healthy children aged from 5 to 9 years
old were enrolled in the study. The inclusion criteria were: (i) absence of neurological and visual
deficits, (ii) physiological range of motion (ROM) for ankle, (iii) adequate anthropometric measures in
order to freely move the ankle in the robot workspace, and (iv) right footedness. The dominant leg
was established by asking them to kick a ball [36].

Written informed consent was obtained from all subjects. The protocol was compliant with the
ethical standards outlined in the Declaration of Helsinki.

2.2. Experimental Setup and Procedure

All measurements were conducted by means of the pediAnklebot [31]. Subjects were seated in
front of a monitor with knee flexed at 45°. They wore a knee brace fixed to the limb by means of Velcro
straps, and a shoe of proper size, firmly tightened to the foot with shoelaces to prevent foot slippage.
The main body of the robot was attached to the knee brace and the end-effectors were connected to
the bracket attached to the bottom of the shoe. The calf of the subjects leaned against an aluminum
support, covered with foam rubber and linked to the chair. The robot was laterally attached to the
chair to ensure collected data were free from the weight of the robot and to improve repeatability.

The robot was equipped with two linear encoders and two load cells to acquire displacements
and forces of each end-effector at 200 Hz. From the acquired data, rotations and moments of the ankle
were obtained as reported in [29,37]. The robot was mainly designed for children, but can be used
by adults in the sitting configuration, by changing the dimensions of shoe and knee brace, and using
a new ad-hoc developed linkage between the brace and chair. Different anthropometric features
across enrolled subjects do not affect moment arm, which only depend on robot design. In particular,
torque was computed from the sensors as follows [29]:

Tpp = (Fright + Fleft)xlength @

TIE = (Fright - Fleft)xwidth 2)

where 7pp and 7 are the dorsi-plantar and inversion-eversion net torques at the ankle joint; Fy;¢; and
Ff; are the forces measured by the right and left force sensors; and Xy g, and xyigs, are the distances
between the line of action of the actuator force and the point of attachment between the ankle and
robot in the sagittal and the frontal planes, respectively. The experimental setup is shown in Figure 1.

(b)

Figure 1. Experimental setup: an adult (a) and a child (b) wearing the robot.
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The experimental protocol consisted of two different phases: the first aimed at the evaluation of the
ankle mechanical impedance, while the second aimed at the evaluation of ankle kinematic performance
in a goal-directed task. Before starting the experimental procedure, the initial and reference positions
were set by positioning the foot at 90° relative to the shank, for both the experimental phases. In addition,
each participant performed a familiarization session that lasted until participants felt familiar with the
equipment and the tasks. All subjects performed the entire protocol with the dominant limb.

2.2.1. Dynamic Ankle Impedance Evaluation

During the first experimental phase, the robot applied random stochastic torque perturbations to
the ankle, both in IE and DP directions for 60 s, with a random white noise signal characterized by
no periodicity in time and a flat spectrum in a frequency range of 0-100 Hz. In particular, the torque
perturbation ranged between +12.82 Nm in the IE direction and +21.11 Nm in the DP direction,
for both adults and children. The voluntary reactions of the participant were minimized due to the
random nature of the chosen perturbation [38]. The commanded torques and corresponding angular
displacements at the ankle were recorded at 200 Hz. Recorded data were expressed in the IE-DP space,
which defined the joint coordinates.

2.2.2. Ankle Motor Performance Evaluation

In the second experimental phase, subjects carried out a goal-directed task, playing an
in-home-developed serious game [14], based on the one proposed by Michmizos et al. [17]. In particular,
subjects were asked to move a pointer controlled through ankle rotations in both sagittal (DP direction)
and frontal (IE direction) planes, in order to hit targets appearing on the game scene alternatively at
the top and at the bottom of the game scene. Subjects were instructed to reach the targets as fast as
possible without stopping during the movement, to stop the ankle movement as soon as the target was
reached, and to wait until a new target appeared on the scene. The game scenario is shown in Figure 2.
The pointer (yellow dot) could be moved in every part of the scene by means of ankle rotations both in
the frontal plane, i.e., inversion-eversion (IE), and in the sagittal plane, i.e., dorsi-plantarflexion (DP).
Then, each point of the game scenario was described by 2 coordinates (x and y) that corresponded
to the inversion and plantarflexion angles, respectively. The coordinates of the two target centers
reported in the ankle reference system were: 0° in inversion-eversion and 10° in dorsiflexion for the
up-target, and 0° in inversion-eversion and —10° in plantarflexion for the down-target. One second
after hitting the target, a new target appeared in the opposite position. This experimental phase
consisted of 2 blocks of 40 targets, 20 up (up-targets) and 20 down (down-targets), making a total of
80 goal-directed movements for each subject.

(a) (b)

Figure 2.  Scenario of the game with up-(a) and down-targets (b) for the ankle motor
performance evaluation.
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2.3. Data Analysis

Data acquired by the sensors of the robot were processed offline. Regarding the evaluation of
dynamic ankle impedance, multiple-input multiple-output (MIMO) system identification was used on
the recorded signals, in accordance with Lee et al. [39], whereas, for the characterization of ankle motor
performance in the goal-directed task, a set of kinematic indices was computed.

2.3.1. Dynamic Ankle Impedance Evaluation

A brief description of the MIMO system identification methodology is here reported for clarity.
The MIMO system is characterized by 2 input and 2 output signals that are the commanded torques (7)
and the corresponding angular displacements (9) at the ankle, respectively.

7 = (T1£, TDP) 3)

9 = (3£, Sppr) @)

The first 200 samples of each signal were ignored to remove mechanical noise due to
motor activation.
To obtain ankle impedance (Zapie), mechanical admittance (Ycr) of the closed-loop system was
firstly identified:
¥ =Yct ©)

S I vy

Finally, mechanical impedance of the closed loop system (Z¢r) was obtained from the inverse of
mechanical admittance (Ycr):

(6)

T=YoL 19 =Zcd @)

7 :[ Zig, 1e(f) ZIE,DP(f)]
ct Zpp, ie(f) Zpp, pr(f)

Since the ankle and the robot shared the same displacement, the impedance of the closed loop
system is the parallel between robot and ankle impedances. Thus, to obtain Z k1, the impedance
component due to the robot dynamics was subtracted from Z¢y. Bode plots of ankle impedance Z e

®)

in both IE and DP direction were determined.

Power spectral density of Ycr, was estimated using Welch’s periodogram approach. The number
of fast Fourier transform points was set at 1024, thus obtaining a spectral resolution of 0.19 Hz, and a
periodic Hamming window was used, with a 50% overlap of the window size. These parameters were
chosen considering a trade-off among spectral resolution, bias error, and variance of estimation [38].

Directional variation (anisotropy) of ankle impedance in two DOFs (Degree of Freedom) was
evaluated applying rotations from 0° to 90° (step of 1°) to the original joint coordinates, thus obtaining
the impedance magnitude for each rotation in the space defined by IE and DP directions. Then,
the ankle impedance was represented through a polar plot, to obtain the Direction Depend Map (DDM)
(Figure 3). Ankle impedance was analyzed as a function of frequency, by dividing the analyzed range of
frequencies into three bands: low (0 Hz < f <2 Hz), mid (2 Hz < f <5 Hz), and high (5 Hz < f <8 Hz)
frequency ranges. These ranges are named, hereafter, LE, MF, and HF, respectively. The ranges were
selected from the results of Bode plot analysis. In particular, Bode plots were consistent with a second
order system, characterized by a stiffness dominated region below 2 Hz, whereas inertial component
was not negligible starting from 5 Hz. Beyond approximately 10 Hz, Bode plots showed oscillations
that can be ascribed to vibrational modes of shoe bracket and of the chair that the robot was attached
to [23]. Impedance Z nk1e Was averaged in each range and the following parameters were evaluated:
Zig, Zpp, Zratio, and ®. Specifically, Z;g and Zpp represent ankle impedance magnitude in IE and



Robotics 2019, 8, 96 6 of 15

DP directions, respectively; and Zg,;, and ® were defined as shape and orientation index of DDM,
respectively. Zruti, represents the ratio between minimum (Z,,;,) and maximum (Z,x) values of ankle
impedance and quantifies how accentuated is the “peanut” shape of DDM: the closer Zg4, is to 1,
the more the peanut shape is transformed into a circumference. ® is the absolute value of the angle
between Zpp and the direction individuated by Z,,x, and quantifies how the DDM is tilted with respect
to the DP direction.

9 30 [Nmy/rad]

\\\\\\\603

20
150 AN \ 30°

270°

Figure 3. Example of direction dependent map (blue line) and the evaluated parameters (Zjg, Zpp,
Zimaxs Zmin, and ®).

2.3.2. Ankle Motor Performance Evaluation

The recorded position of the pointer was filtered with a 6th order, zero phase shift low-pass
Butterworth filter, with a cut-off frequency of 10 Hz, and then differentiated, with a two-point
differentiation, to obtain speed, acceleration, and jerk. The global data obtained from each subject
were divided into single goal-directed movements and grouped into plantarflexion (down-target) and
dorsiflexion (up-target) movements. Each movement was assumed to start when the speed magnitude
became greater than 10% of the peak speed; the movement was assumed to end when the speed
dropped and remained below 10% of the peak speed [40].

Trajectories were accurately screened and discarded if one of following cases occurred: (i) the
movement began before the new target appearance, i.e., the initial velocity was not equal to zero,
and (ii) when the subject stopped the ankle movement before reaching the target. The number of
discarded trials was lower than 5% for each subject. For the characterization of movement kinematics,
a set of indices was computed and grouped into: (i) accuracy and smoothness indices, (ii) temporal
indices, and (iii) stopping indices.

The first group comprises the lateral deviation (LD) and the normalized jerk (NJ), as accuracy and
smoothness indexes, respectively. In particular, LD is defined as the highest deviation from the straight
line connecting the starting and the target position. The LD value decreases when the movement
accuracy increases. NJ is the normalized jerk, as proposed by Teulings et al. [41]. Lower values of N
indicate smoother movements.

The set of temporal indices is constituted by the duration of movement (T), the time position
symmetry (TPS), and the time velocity symmetry (TVS). T is the time between the movement onset
and the movement termination, which was evaluated according to the speed threshold. The remaining
two indices quantify the temporal symmetry of kinematic parameters of the trajectory. In particular,
TPS is defined as follows:

Atg
TPS = —
S T )
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TPS represents the temporal duration (Atg) of the eversion rotations with respect to the total
duration of the trajectory. In fact, when the foot is moved upward or downward, the corresponding
rotation should be a pure dorsiflexion or plantarflexion, but actually a component of inversion or
eversion is always present. TPS ranges from 0 to 1. If the TPS value is equal to 0.5, it means
an equal temporal duration of the inversion and eversion rotations during dorsi-plantarflexion
movements. A value of TPS higher than 0.5 means a prevalence of eversion with respect to inversion
rotations, and vice versa, a value lower than 0.5 means a prevalence of inversion. Thus, TPS can
be considered a measure of the contribution of the ankle rotation around the secondary movement
axis, i.e., inversion/eversion, in dorsiflexion/plantarflexion. TVS is defined as the time t, in which the
velocity peak occurred, normalized to the duration the trajectory.

Tvs= b (10)
T

TVS ranges from 0 to 1. The closer TVS is to 1, the more the velocity peak occurs close to the end
of the trajectory. Thus, a TVS value close to 0.5 represents a perfect bell-shaped trajectory, in which the
peak speed is close to the middle of the trajectory.

The stopping indices are delay (AT) and dispersion (o). They evaluate the ability of the subject
to stop the movement once the target is reached [13]. AT represents the temporal delay, normalized
to T, between the time in which the subject hits the target and the end of the movement evaluated
accordingly to the velocity threshold. A AT value close to zero indicates that the subject rapidly stops
the ankle movement after hitting the target. 0y is defined as:

Otrj = std \/(dIE — Cie)* + (dpp — Cpp)? (1)

where djr and dpp are the coordinates of the trajectory performed after hitting the target, and Cjr and
Cpp are the coordinates of the target center position. Thus, o is a measure of the dispersion of the
trajectory travelled after hitting the target. Low values of 04,; imply a trajectory confined in a small area.

All the aforementioned indices were evaluated for both dorsiflexion and plantarflexion movements.

2.4. Statistical Analysis

A two-way repeated measures ANOVA was performed on Zjg, Zpp, Zratip, and & considering,
as independent variables, the age (adults vs. children) and the frequency range (low, mid, and high
frequency). If the interaction effects were significant, the interactions were broken down by comparing
each age at each frequency with a one-way repeated measures ANOVA and, vice versa, with an
unpaired t-test. A Bonferroni test for multiple comparisons was performed when statistical differences
were found. All data were tested for normality with the Shapiro-Wilk test and sphericity was checked.
If sphericity was violated, Greenhouse—-Gasser correction was applied.

A two-way repeated measures ANOVA was performed on all the kinematic indices to
find differences between age and movement direction. If the interaction effects were significant,
the interactions were broken down by comparing each age at each movement direction with an
unpaired t-test and, vice versa, with a paired f-test. All data were tested for normality with a
Shapiro-Wilk test.

The significance level was set to 0.05 for all performed tests.

3. Results

3.1. Ankle Impedance

Mean and standard deviation values of Zjg, Zpp, Zratio, and @ averaged across subjects for the
tree frequency range (LF, MF, HF) are reported in Figure 4.



Robotics 2019, 8, 96 8 of 15
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120+

1004 f ;

LF MF HF

ratio

LF MF HF LF MF HF
B aduits [ children

Figure 4. Means and standard deviations of the ankle impedance parameters Zjg, Zpp, Zgatip, and ®
averaged across subjects related to adults and children for all frequency ranges (LF, ME, and HF).
Asterisks denote statistical differences (p < 0.05).

Z1g was higher for adults with respect to children for all the frequency ranges (p < 0.01). Moreover,
it was higher in HF with respect to both MF and LFE, and in MF with respect to LF, for both adults and
children (adults: HF vs. MF, HF vs. LF, and MF vs. LF: p < 0.01; children: HF vs. MF, HF vs. LF,
and MF vs. LF: p < 0.01). As regards Zpp, it showed higher values for adults than children, in all
frequency ranges (p < 0.01). Furthermore, Zpp was higher in HF with respect to both MF and LF, and in
MEF with respect to LF (p < 0.01 for all the comparisons).

Considering Zg,, it showed lower values for adult subjects than children in LF (p < 0.01),
MF (p = 0.02) and HF (p = 0.01), whereas no differences were found between frequency ranges.

Finally, ® was lower in the adult group for all frequency ranges. Moreover, considering the
children group, ® was higher in HF with respect to both MF (p < 0.01) and LF (p < 0.01). No differences
were found among frequency ranges for adult subjects.

The representation of DDM as a function of frequency is reported in Figure 5, through two
representative examples related to adults (Figure 5a) and children (Figure 5b). It emerged that the
characteristic peanut shape remains unchanged for all the frequencies in both adults and children,
whereas the impedance magnitude is different between the two cohorts in the whole DP-IE space and
for all frequencies. Finally, the orientation of DMM with respect to the DP axis remains unaltered in
the adult whereas it visibly rotates in the child.
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Figure 5. Example of directional variation (anisotropy) of ankle mechanical impedance as a function of
frequency related to a representative subject of the adult group (a) and of the child group (b).

3.2. Kinematic Indices

Mean and standard deviation of all the kinematic indices averaged across subjects for both
plantarflexion and dorsiflexion movements are reported in Figure 6.

For all the indices, except NJ, the interaction factor was significant. In particular, as regards the
accuracy index (LD), no differences were found between plantarflexion and dorsiflexion movements
related to the same group. Instead, LD was higher in children than adults for both plantarflexion
(p < 0.01) and dorsiflexion (p < 0.01) movements. The opposite occurred for the smoothness index (N]),
which showed higher values in the adult group for both plantarflexion and dorsiflexion movements
(p = 0.04).

As regards the temporal indices, no differences were found for the duration of the movement
(T), neither between age or movement direction. Considering TPS, it showed higher values in adults
for plantarflexion movements (p = 0.05), whereas the opposite occurred for dorsiflexion movements
(p < 0.01). Moreover, TPS was higher in dorsiflexion than in plantarflexion movements (p < 0.01)
related to the child group, and no differences were found between dorsiflexion and plantarflexion in
the adult group. Finally, TVS showed lower values in the adult group, for both plantarflexion (p < 0.01)
and dorsiflexion (p = 0.03) movements. Furthermore, TPS was higher in plantarflexion with respect to
dorsiflexion in the child group (p < 0.01).

Considering the stopping indices, AT was higher in children for both plantarflexion (p < 0.01) and
dorsiflexion (p = 0.01) movements. Additionally, AT was higher in plantarflexion than in dorsiflexion
for both adults (p < 0.01) and children (p <0.01). A similar behavior was found for oyj, which showed
lower values in the adult group, for both plantarflexion (p < 0.01) and dorsiflexion (p < 0.01) movements.
Moreover, o, was lower in dorsiflexion than in plantarflexion for both adults (p < 0.01) and children
(p <0.01).
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Figure 6. Means and standard deviations of the kinematic parameters averaged across subjects

related to adults and children, grouped in plantarflexion (plantar) and dorsiflexion (dorsi) movements.

(Top row): accuracy and smoothness indices, (mid row): temporal indices, (bottom row): stopping

indices. Asterisks denote statistical differences (p < 0.05).

4. Discussion

With the aim of investigating age-related differences of ankle mechanical properties, we compared

ankle mechanical behaviors, in terms of ankle impedance and kinematic performance, of children and
young adult subjects. The experimental protocol was performed using pediAnklebot, a robotic device

for the ankle joint.
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4.1. Age-Related Differences of Ankle Impedance

The results of both groups confirm that ankle impedance in DP and IE directions assumes a peanut
shape in the diagram of DP vs. IE, as also reported in [23,25]. This finding indicates that the two
examined populations are characterized by a similar behavior, i.e., a greater value of impedance in DP
rather than in IE direction, even though all the examined children were less than 14 years, which is
recognized as the age of complete maturation of the ankle joint [42].

Despite the similar shape, statistical differences were found for the magnitude values of impedance
in both directions. These differences can be ascribed to the incomplete maturation of elastic properties
of tendon structures that lead to an incorrect transmission of force exerted by muscle to the bone [43].
In addition, our outcomes are in accordance with [44], confirming that ankle stiffness increases with
age and stature. The lowest values of ankle impedance found for children can be also considered one
of the main causes of the dynamic instability of children when walking [33,42]. In fact, a complete
development of lower limb joints guarantees a natural interaction between limbs and the environment,
and a proper value of ankle impedance allows correct regulating and controlling movements [45].

Differences among frequencies in both groups are in line with the concept that ankle impedance is
characterized by different behaviors according to the frequency range [25]. More specifically, the size
of the peanut shape rapidly increases with the frequency, indicating that the contribution to the ankle
impedance of the inertia is dominant at high frequencies, whereas, at low and medium frequencies,
stiffness and viscosity represent the main contributions to the impedance magnitude value, since the
size of the peanut remains stable [39].

By moving to the analysis of shape parameters, we can state that ankle impedance was highly
direction dependent, being weak in IE direction, in all examined range frequencies. This outcome can
be considered as one of the main sources of the greater prevalence of ankle injuries in IE direction in
both adults and children [46]. In addition, this anisotropy is more evident in children rather than in
adults, as confirmed by the statistical differences found between the two groups. This outcome can be
justified by considering the greater joint and ligament laxity typical of children younger than 10 years
old [47]. This greater laxity, also known as hypermobility, is caused by an incomplete development of
muscle elasticity [47]. The excessive anisotropy could be considered a causal factor that leads to the
high rate of instability in children, leading to a greater prevalence of ankle sprains, especially in IE
direction [48]. However, the anisotropy is not influenced by frequencies in both examined groups;
thus, we can speculate that children have the capability to maintain constant differences between DP
and IE directions at different frequencies as adults, even considering the above-mentioned factors
of incomplete joint development. This finding could suggest that children can also perform highly
dynamic activities without increasing the risk of injuries. Furthermore, the parameter related to
the orientation of the peanut shape is frequency-invariant in adults, while the highest values were
obtained when analyzing the high frequencies in children. This implies that the maximum value
of impedance in children is not in correspondence of the DP direction and can be ascribed to the
incomplete development of muscles. This finding indicates that children are not able to provide
maximum impedance during movements that mainly involve the dorsi-plantarflexion of the ankle,
such as walking; thus, it could be one of the main reasons for the well-known higher stride-to-stride
variability found for children [33].

These findings should be taken into account for proper development and design of ankle robotic
devices, especially when they are addressed to recover the functionality of the ankle in both degrees
of freedom.

4.2. Age-Related Differences of Ankle Kinematic Performance

Results related to accuracy and smoothness indices highlighted that, independently of movement
direction, adults performed trajectories characterized by a higher accuracy, whereas children performed
smoother trajectories. Additionally, these differences in terms of accuracy and smoothness were not
reflected in the duration of the movement, which revealed no age-related differences. The lower
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accuracy characterizing children movements can be ascribed to a lower proprioceptive ability, as
already found for the upper limbs in a comparison between children and adolescent movements [49].
In addition, it has been demonstrated that children performed movement favoring smoothness with
respect to accuracy [50].

The TPS index can be considered a measure of the coupling between ankle rotations performed in
sagittal and frontal planes. In fact, ankle rotations are usually described as movements around fixed
mutually perpendicular axes, but they actually change their position depending on ankle rotation [51].
This complexity yields to a significant coupling between the two DOFs: when the foot is moved
upward or downward, the resulting rotation is always a combination of plantar-dorsiflexion and
inversion-eversion. Considering the child group, there is a significance difference of TPS when
comparing dorsiflexion and plantarflexion movements. In particular, plantarflexion movements
are characterized by the prevalence of inversion rotations, whereas dorsiflexion movements show
a prevalence of eversion rotations. This behavior is not present in the adult group, which revealed
no differences between movement directions, showing a TPS value always close to 0.5 for both
plantarflexion and dorsiflexion. These results indicate that adults are able to balance the contribution
of rotations around the secondary axis and that this ability is not completely developed by children
in the examined age range. Thus, it implies a higher mobility of ankle movement axes in children,
which is probably due to the greater joint and ligament laxity typical of children younger than 10 years
old [47], as already discussed for the ankle impedance. Moreover, results from TPS are consistent with
the findings related to the accuracy and smoothness indices. Children, in fact, present less accurate
trajectories, i.e., highly deviating from a straight line, which are then characterized by a significant
contribution of inversion or eversion movements. On the contrary, the smoothness of the movement
was higher in the child group. Thus, it can be speculated that, during the motor development, subjects
prefer to optimize the movement accuracy in order to obtain a better-balanced trajectory even though
it implies performing fewer smooth movements.

Focusing on the bell-shaped profile of velocity, results from TVS highlighted that, in the child
group, the velocity peak occurred early in dorsiflexion with respect to plantarflexion. This finding
could be explained by considering that subjects needed to counter gravity when the foot is moved
upwards, exerting a greater force at the beginning of the movement, which allowed reaching the
maximum speed earlier in dorsiflexion than in plantarflexion. On the contrary, adults showed a perfect
bell-shaped velocity profile and, consequently, they are not influenced by gravity. These results are in
line with [18], in which authors established that, in adults subjects, the velocity profile is not affected
by gravity. Thus, we can speculate that the differences between children and adults could be due to
higher force levels that can be exerted by adults at the ankle, implying a negligible effect of gravity.

Considering the stopping indices, it emerged that both adults and children can stop the movement
more easily during dorsiflexion than plantarflexion. This result can be explained by considering
that plantarflexion is a movement performed in the same direction of gravity. Thus, after hitting the
target, subjects have to counter gravity to stop ankle movement. Another important consideration
emerging from the stopping indices is that, independently of the movement direction, children showed
higher difficulty in stopping the ankle movement as soon as the target was reached. This characteristic
can be ascribed to the lower magnitude of ankle impedance of children that emerged from the
impedance evaluation.

From an overall analysis of the kinematic indices it seems that the complete maturation of the
ankle joint leads to a loss in the smoothness of the movement but, at the same time, to an increase in the
accuracy. Moreover, the incomplete maturation of the ankle joint leads to differences in plantarflexion
and dorsiflexion movements in terms of symmetry of the trajectory evaluated by means of TPS and
TVS. These differences, in fact, were only found in the child group.

Results related to the kinematic parameters should be considered together with those reported
for the ankle impedance for a full understanding of ankle properties, leading to a more suitable
development of robots.
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5. Conclusions

Age-related differences in terms of dynamic properties and kinematic performance related to the
ankle joint were assessed by means of a robotic device.

Outcomes revealed for children were characterized by a lower magnitude of ankle impedance in
both dorsi-plantarflexion and inversion-eversion directions and by a greater anisotropy. By considering
a goal-directed task, adults performed more accurate and less smooth movements, and a lower
symmetry of movement in both directions was found in children. Moreover, a greater ability to stop
the movement after hitting the target was found in adults.

These findings provide fundamental information usable as guidelines for researcher groups
involved in the design of robotic devices and training protocols for rehabilitation purposes. Furthermore,
they could represent a starting point for solving the issues related to the scalability of robots suitable
for adults and children.
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