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Abstract: Rehabilitation is a complex set of interventions involving the assessment, management, and
treatment of injuries. It aims to support and facilitate an individual’s recovery process by restoring
a physiological function, e.g., limb movement, compromised by physical impairments, injuries or
diseases to a condition as close to normal as possible. Innovative devices and solutions make the
rehabilitation process of patients easier during their daily activities. Devices support physicians and
physiotherapists in monitoring and measuring patients’ physical improvements during rehabilitation.
In this context, we report the design and implementation of a low-cost rehabilitation system, which is a
programmable device designed to support tele-rehabilitation of the upper limbs. The proposed system
includes a mechanism to acquire and analyze data and signals related to rehabilitation processes.

Keywords: rehabilitation; medical device; follow-up; monitoring

1. Introduction

Physiotherapy aims to help patients improve their movements and function, and
reduce pain through exercise, manual or electro-therapy and also education (i.e., physio-
therapists inform patients about their condition and how to manage it). Physiotherapy
focuses on rehabilitation and prevention by helping to restore motor functionalities and
preventing future complications [1–4].

We focus on the problem of efficiently supporting both physicians and patients in
designing and performing population-scale rehabilitation exercises and acquiring relevant
data [5,6].

Physiotherapy treats acute or chronic pain and physical impairment caused by injury,
trauma, disease, or disability. Integrating physical activities promotes significant changes in
improving life quality of patients with chronic and progressive disabilities [7–9]. Functional
neurological disorders (FND) are among the most common causes of neurological disability
and physical therapies have been recognized to play an important role in the treatment of
these disorders [10–14]. Motor rehabilitation strategies can be associated with innovative
technologies to help the patient regain normal control of movement. In [15] a longitudinal
case study, a design has been proposed to track recovery of motor function after severe trau-
matic brain injuries, through a multimodal neuroimaging approach. The authors in [16,17]
provide an overview of the positive effects of physical activity on Parkinson’s disease.
Neurological and musculoskeletal diseases such as arthritis, cerebral palsy, Parkinson’s
disease, and stroke affect hand functions. In this context, manual dexterity is the capability
to manage the movements of the upper limb, hand and fingers, developed through learning,

Bioengineering 2024, 11, 5. https://doi.org/10.3390/bioengineering11010005 https://www.mdpi.com/journal/bioengineering

https://doi.org/10.3390/bioengineering11010005
https://doi.org/10.3390/bioengineering11010005
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com
https://orcid.org/0000-0002-0014-478X
https://orcid.org/0000-0002-5568-7909
https://orcid.org/0000-0002-2828-2455
https://orcid.org/0000-0001-5542-2997
https://orcid.org/0000-0003-2494-0294
https://orcid.org/0000-0002-1367-8676
https://doi.org/10.3390/bioengineering11010005
https://www.mdpi.com/journal/bioengineering
https://www.mdpi.com/article/10.3390/bioengineering11010005?type=check_update&version=1


Bioengineering 2024, 11, 5 2 of 15

training and experience, and assessed via speed and accuracy evaluation of movement [18].
Hand impairment could be recovered by performing well-established physical therapy.
Finally, kinesio-therapic intervention can be used to recover hand functionality, lost or
impaired by chronic diseases [19].

Physiotherapy represents an important step in patient management, in combination
with examination, diagnosis, physical intervention, and patient education.

Rehabilitation aims to help the patient recover and maintain normal movement by
following standard well-defined protocols, often using medical devices [20–22]. These
devices allow clinicians to collect useful data for the monitoring, control, and management
of the recovery process. For example, Ref. [23] reports the same general-purpose indication
of the rehabilitative effects of soft robotics in hand dysfunction. Chu et al. in [23] reported
that recently has seen a rapid growth in soft robotic device development for hand-fingers
rehabilitative approach; in fact, proof-of-concept prototypes show a wide series of technical
solutions, nevertheless further implementations are necessary to be done in actuator design,
safety, and clinical applications to advance to clinical scenario. Finally, robotic exoskeletal
platforms support the recovery of upper and lower limbs functions in patients with motor
impairment, especially in neuro-rehabilitation [24,25].

Internet of Things (IoT) allows for easier and more efficient patient telemonitoring, by
(i) allowing for remote monitoring of specific clinical parameters, (ii) helping to identify
abnormally acquired values, or (iii) detecting wrongly performed procedures during the
rehabilitation phase [26]. Telemonitoring is particularly useful when patients live far from
the clinical structure or in the case of chronic patients who cannot move from their homes. It
can also be used as a “continuity of care” service following discharge from hospital. Such a
situation arose recently, during the COVID-19 pandemic, when access to clinical structures
was severely limited [27]. Telemonitoring is also useful in clinical pathways (CPWs), where
collecting large amounts of data allows for faster and more accurate diagnosis of disease as
well as in the screening phases, where analyses are performed to optimize costs of patient
hospitalization [28,29]. However, portable medical devices for telemonitoring can cause
inconvenience for the patient, for example, when they get in the way of daily activities or
malfunctions occur that cannot be solved easily [30]. Multiple home rehabilitation devices
are available and implemented; however, some technologies face limitations in the appli-
cation, availability, as well as cost and preparation of appropriate rehabilitation therapist
to support the rehabilitation process [31]. Arntz et al. in [32] recently demonstrated that
feasible and effective approaches are needed to implement functional home-based recovery,
which meet patients’ demands and ensure adequate levels of treatment.

Many devices have been used for applied research in rehabilitation procedures [33,34].
In [35], the authors present a miniaturized version of a hospital device for hand rehabilita-
tion in post-stroke hemiplegic patients. In [36,37] portable and wearable hand exoskeleton
systems for exercising in movement rehabilitation have been developed.

In this paper we present the design and implementation of a rehabilitation system for
the recovery of hand impairment caused by neurological or musculo-skeletal disorders. We
designed and implemented a hardware and software tool for acquiring biometric signals.
This system can help subjects affected by hand dysfunction in their rehabilitation in a
simple and non invasive way. Compared to other available devices, it does not include
wearable parts, i.e., parts that need replacing. Moreover, it does not require an expensive
setup and can be easily used for remote rehabilitation. Exercises can be designed for
different diseases related to hand disabilities (e.g., patients affected by neurodegenerative
disorders or strokes).

2. Materials and Methods

The proposed contribution results from a synergistic activity carried out by the Physical
and Rehabilitation Medicine Unit, the Bioengineering unit of the Magna Graecia University
of Catanzaro and the SMARTEST Laboratory at eCampus University. We present a system
to support physicians and patients in designing, executing, and monitoring rehabilitation
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processes. Patients at home can use it, and the data is collected into a cloud-based plat-
form to be integrated into an electronic patient record database. The system comprises an
Arduino-based device and a health informatics module that can guide personalised reha-
bilitation exercises. The system includes a pressure sensor to acquire and measure the force
applied by the finger on rehabilitation plates and two ultrasonic sensors capable of guiding
the position of the finger during exercises. The device has been designed to improve the
fine mobility of the upper limb through targeted exercises. The data collected by the device
during the exercises provide useful information for physicians in monitoring treatments,
which specialists can then use to model the patient’s health status. A preliminary version
of the architecture is reported in [22]. Experiments and tests have been performed at the
University Magna Graecia Clinical Hospital. We here report the architecture, configuration,
setting, implementing exercises, and platform.

2.1. System Architecture

The architecture of the designed system is shown in Figure 1.

Figure 1. System architecture. An Arduino-compatible board based on ESP32 is used with built-in
wifi for cloud connectivity with the server, for LCD display and phone contact with the patient.

It comprises a board with a new Arduino-compatible board based on ESP32 with
built-in wifi connectivity, enclosed in a custom-designed and 3D-printed external case.
The system acquires patient input through two capacitive sensors, the use of which can
be decided during the exercise definition phase, an LCD display for status, an SD Card
drive for data logging, status LEDs and buttons for basic interaction. the system includes
remote data memorization for telemonitoring and touch sensors to acquire pressure and
detect finger position, allowing physicians to analyze and monitor the progress of the
hand rehabilitation. Moreover, the Arduino-based device includes an external memory (an
SD Card) allowing data storage. LED signals are used to monitor the functionality of the
correct activity.

The LCD display interfaces with the Arduino microcontroller via I2C serial communi-
cation protocol. It is a backlit display which shows different messages (e.g., initialization
when the system is connected to the computer via USB, exercises when the device starts
up correctly and the list of the proposed exercises is proposed, and calibration when the
system is in the calibration phase). Phase must be performed when external conditions
could modify the measurement. To perform the calibration, the pad must be touched for
few seconds following the instructions shown on the LCD display. This procedure increases
the accuracy and the precision of the device and the calibration values are saved in the
EEPROM memory. A set of pre-defined exercises is stored and can be selected using a
simple user interface.
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The capacitive sensors detect the presence of any conductive material on the plates. A
voltage is applied to the four corners of the platform, which is propagated uniformly over
the entire surface due to the oxide metal. When the hand (or in general any conductive
material) comes into contact with the sensor surface, the surface capacitance varies and the
sensor oscillates. The calibration phase implies that the capacity increasing is associated
to a “touch” event; when the hand moves away, capacity decreases and it is associated
with an “untouch” event. Whenever a touch or release event is detected, the external LED
lights up.

FSR402 (Force Sensing Resistor) thin-film pressure sensor has been chosen to enable the
detection of physical pressure, compression and weight, with high sensitivity and accuracy
to minimize acquisition error, in a simple and low cost way. It is a strain gauge sensor
type consisting of a very thin conductor (e.g., nickel alloy film) arranged in a serpentine
pattern on a very thin insulating substrate, as shown in Figure 2 [38]. The latter transmits
to the film a deformation causing a change in length and resistance. Moreover, the strain is
interpreted to determine the weight of an object placed on the sensor.

The system uses a FSR402 sensor consisting of a wire resistance strain gauge, which
when subjected to stress varies its electrical resistance as R = P · L/S, where (i) P is the
resistivity of the material (Ω· m), (ii) L is the length of the resistor (m) and (iii) S is the
section (m2) measures as S = π · D2/4 with D the wire diameter.

Figure 2. Strain gauge sensor. The schema of the sensor with the serpentine pattern and the equation
representing the relation between deformation and resistance values are shown on the left and the
right of the figure, respectively.

This sensor was integrated into the system and calibrated. To enable this sensor to
support data collection during the execution of rehabilitation exercises, the following steps
were considered: (i) detection of sensor data; (ii) calibration of the sensor with respect to a
statistical measurement standard and checking its linearity; (iii) conversion of the values
acquired by the sensor into kilograms; (iv) evaluation of static features (e.g., sensitivity,
resolution, repeatability, stability, linearity), (v) calculation of the bias, standard deviation
and variance of the measurement. To detect the sensor data, FSR402 was assembled with
the Arduino board according to the scheme reported in Figure 3.

Detected FSR402 values are converted from Volt (V) to kilogram (kg) by means of a
calibration procedure. Three different samples of known weight of 500 (S1), 1000 (S2) e
2000 (S3) grams, respectively, have been used during the procedure. The values detected by
the sensor w.r.t. the three input samples and the related mean values are reported in Table 1.
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Figure 3. Connection of the FSR402 sensor with related electrical components to the Arduino board.

Table 1. Values measured by the FSR402 sensor during the calibration measurements in the range
of 0–20 kg for three different samples of known weight of 500 (S1), 1000 (S2) e 2000 (S3) grams,
respectively. The means values are also reported in the last line.

Number of Measure Detected Value for S1 Detected Value for S2 Detected Value for S3

1 20 34 50
2 21 35 52
3 25 36 54
4 26 41 68
5 27 42 70
6 28 43 71
7 29 44 72
8 30 45 74

Mean 25.75 40 63.87

The linear regression gave the calibration curve expressed in grams, shown in Figure 4.

Figure 4. Linear calibration curve expressed in grams based on the interpolating curve that best
approximates to a distribution of (Sample, Detected value) pairs. On the right of the figure, the equation
of the conversion from Volts to grams is shown.

The system uses an ultrasonic sensor (HC-SR04, see Figure 5) to detect the location
of an object by measuring the distance between each sensor and the object (e.g., patient’s
finger). Ultrasonic sensors are based on the time-of-flight measurement of an ultrasound
wave travelling between the sensor and the object to be detected. Since the sound waves
propagate at the speed of 343.8 m/s (at 20 ◦C), we calculate the distance between the sensor
and the object with: d = (w · T)/2[m] (note that distance d is travelled twice by the wave).
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Figure 5. Setup of the two ultrasonic sensors used to triangulate the position. Wires indicated in red
are connected to Vcc (+5V) and black are connected to ground, while other colors are signals (0–5 V).

In order to detect the position of the patient’s finger which interacts with the capacitive
sensor, we use two ultrasonic sensors (see Figure 5). Each ultrasonic sensor will detect the
distance from the object and this information can be combined to calculate the position of
the object with respect to the device. The two ultrasonic sensors, indicated with S1 and
S2 in Figure 6, placed at distance d, measure the distances r1 and r2 at which the object is
detected respectively.

d

r1

S1

r2

S2

P'

P''

Figure 6. Schema of the two ultrasonic sensors (S1 and S2), mounted at distance d, to detect the
position of an object. Sensor S1 will detect a distance of r1, while S2 a distance of r2. By combining
the two pieces of information we can calculate the solution.

Algorithm 1 reports the pseudo-code used by the device to combine data from the
ultrasonic sensors.

Algorithm 1 Object detection algorithm

Require: d distance between the two sensors, t1 time of flight from sensor S1, t2 time of
flight from sensor S2

1: /* Convert time of flight from sensors to distances */
2: r1 ← 0.03438 ∗ t1/2
3: r2 ← 0.03438 ∗ t2/2
4: /* Combine to calculate object coordinates */
5: x ← (r2

2 − d2 − r2
1)/(2d)

6: y←
√

r2
1 − x2

7: return x, y
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2.2. Device Use Configuration

This is a proof-of-concept design and implementation study. Given the non-pharmacol-
ogical, non-invasive and non-experimental nature of the study, the Institutional Review
Board did not deem it necessary to register and issue a code. However, the study was
conducted in accordance with the ethical principles for medical research involving human
subjects outlined in the Declaration of Helsinki. All participants were fully informed about
all procedures and eventually voluntarily agreed to participate in the study. Participants
were recruited from the Physical and Rehabilitative Unit of the University Hospital “Re-
nato Dulbecco” of Catanzaro, Italy. Inclusion criteria were: (1) 18–70 years of age; (2) no
cognitive impairment (Mini-Mental Status Examination ≥ 24. We excluded patients with
the following characteristics: (1) acute upper limb impairment (trauma, infections or acute
orthopedic or neurological disorders); (2) drugs that may affect manual dexterity adminis-
tered in the last 4 weeks; (3) documented history of seizures and brain aneurysms. After
enrolment, all study participants were screened using the most common and accessible
manual dexterity assessment tool available: the Nine-Hole Peg Test (NHPT), a score capable
of being administered by asking the participant to take the pegs from a container, one by
one, and place them into holes on the board as quickly as possible. Therefore, the subjects
were assigned to a control group with an NHPT ≤ 30 s or to an experimental group with an
NHPT score > 30 s, in order to test the evaluation performance of the device for different
degrees of fine motility [39].

Before use, the device has to be set up and calibrated w.r.t. the patient. Communication
parameters are set before exercises can be both run for the individual patient. Then for each
patient, exercises can be run and stored locally and in the cloud-based server.

The user chooses the exercise to be performed and the device records the touches
storing data such as (i) exercises and duration; (ii) starting and ending time interval;
(iii) events (e.g., touch or release).

2.3. Rehabilitation Exercises

The proposed rehabilitation exercises aim to: (i) measure the sensorimotor ability of
the upper or lower arm and (ii) improve its fine mobility. The first exercise type (E1) is used
to evaluate hand coordination. The second (E2) is used to evaluate the ability to perform
precision movements in a short time. The third (E3) measures the ability to rotate the wrist.

E1 consists in performing repeated interactions on the two capacitive sensors with
a given frequency (e.g., 60 bpm, 120 bpm), by alternating taps on the two sensors. The
subject must perform one touch gesture (T) per second and continue the exercise for a given
time interval (e.g., E1 for 30 s). The time for each touch event is calculated by subtracting
two consecutive touch and un-touch timestamps.

E2 consists in following letter shapes with the finger. The subject must trace the letters
in the shortest time possible. The letters used for rehabilitation excercises are: I, V, M and
G. An example of the letter G drawing is reported in Figure 7.

E3 is also called prono-supination (P-S) exercise. It consists in touching one of the two
surfaces and immediately after touching the back on the other. This movement consists of
a rotation of the wrist. The exercise is performed for 30 s. An example of this exercise is
shown in Figure 8.

The sensor relieves the touch on the capacity plate and the left sensor is used for the
back and the right one for the palm. In these experiments, experimental tests have been
guided by clinicians who supported patients in performing test to validate the correctness
of single exercise.
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Figure 7. E2 exercise type in which the subject follows the shape of a letter (in the shown example the
letter G) without loosing contact with the capacitive sensor (metal part).

Figure 8. E3 exercise type in which the subject performs a prono-supination routine, alternating the
touch of the capacitive sensor with the palm and the dorsal side of the hand. The subject is instructed
in adopting the fastest pace within a maximum 30 s. The device will memorize the touch and untouch
events and the count of the touch events in the data preprocessing phase.
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3. Results

The implemented system has been tested on a dataset of 80 subjects (40 study sub-
jects affected by hand dysfunction and 40 control subjects) enrolled at the Physical and
Rehabilitation Medicine Unit of Mater Domini Catanzaro Hospital. The study subjects
were affected by the diseases shown in Table 2. Control subjects present no upper limb
pathologies.

Table 2. Clinical characteristics of the diseases contained in the considered dataset.

Disease Description

Loeys-Dietz Syndrome Rare genetic connective tissue disease

Multiple sclerosis Chronic demyelinating neurodegenerative disease affect-
ing any type of nerve

Omarthrosis Degenerative disease affecting the shoulder joint, causing
the wear of the articular cartilage

Parkinson Neurodegenerative disese with mobility impairment

Rhizoarthrosis Arthrosis localized at the level of the trapezio-metacarpal
joint

Cerebellar Ataxia Cerebellum damage causing impairment in motor skills

Limb-girdle muscular dystrophy Diseases characterized by weakness and wasting of the
muscles in the arms and legs

Stroke Cerebrovascular event associated with different types of
movement disorders

Hirayama Syndrome Cervical myelopathy presenting spinal muscular atrophy
of the distal upper limbs

The experiment involved the set of rehabilitation exercises performed by all the
enrolled subjects. The results of exercises performed by control and study subjects were
analyzed in order to assess the difference (deviation) between the two groups in terms of
upper art sensorimotor ability. Finally, the results of two groups were statistically compared
by using a Student t-test with significance level α = 0.01.

Results for exercises, performed at 60 bpm and at 120 bpm for patient (P1) affected by
Loeys-Dietz Syndrome, are reported in Figure 9.

For exercise E1 with metronome at 60 bpm, patient P1 performed 14 touches on the left
capacitive sensor and 14 touches on the right one, for a total of 28 touches with an average of
591.571 ms per touch and a standard deviation of 119.858 ms. Note that the expected ideal
result of the exercise should have been 30 touch events, hence, for reasons to be clinically
evaluated, P1 patient completed the exercise with two touches less. Figure 9 at the top
shows that the patient was unable to start in time since he misses the first touch (compare
the blue bullets of the patient w.r.t. the orange bullets of the metronome). Furthermore there
is an evident desynchronization with the metronome (see for instance from the seventh
touch onward). In the lower graph (bottom part of Figure 9), the metronome was set to
120 bpm and patient P1 performed 19 touches on the right sensor and 20 on the left, for
a total of 39 touches (compared to the expected 60), with an average of 412.692 ms for
each touch and a standard deviation of 168.459 ms. With this timing of the metronome
(i.e., 120 bpm), we observe that the patient experiences more difficulties in following the
metronome, thereby missing more touches w.r.t. the previous case.

The complete results for all of the subjects analyzed (both study and control) for
exercise E1 are synthesized in Table 3 and Figure 10. To normalize the data, the table reports
the results expressed as the absolute value of the difference between the mean counts of T
(touch gesture) events than the expected counts (30 T events for the metronome at 60 bpm
and 60 T events for metronome at 120 bpm, respectively). This value is reported in the table
as Normalized count. Moreover, the table also reports the absolute value of the difference
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between the mean time for a single T event and the expected time (1000 ms for each T
event for the metronome at 60 bpm and 500 ms for each T event for metronome at 120 bpm,
respectively). This value is reported in the table as Normalized time.

Figure 9. Absolute acquisition times (in milliseconds) of touch events acquired during type 1 exercise
(i.e., touches on the sensor following the metronome) by patient (P1). In the upper part of the Figure
we show results for metronome at 60 bpm (beats-per-minute), while in the lower part for metronome
at 120 bpm.

Table 3. E1 exercise type, performed by the whole set of subjects analyzed, for both metronome at 60
and 120 bpm, measured in terms of the absolute value of the difference between the mean counts of T
events and the expected counts (Normalized count column) and of the absolute value of the difference
between the mean time for a single T event and the expected time (Normalized time column). Results
are reported in terms of mean and standard deviation values both for study and control subjects.
Furthermore, the statistical significance of the difference between the same measures is reported in
the bottom row.

Experiments Control Study p-Value

Normalized count at 60 bpm 0.72 ± 0.93 1.58 ± 1.22 <0.01
Normalized time at 60 bpm 30.16 ± 25.82 47.96 ± 29.15 <0.01
Normalized count at 120 bpm 0.67 ± 1.00 6.50 ± 5.84 <0.01
Normalized time at 120 bpm 9.89 ± 10.00 21.57 ± 12.81 <0.01
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Figure 10. Box plot related to results for Exercise E1 for both 60 bpm and 120 bpm tasks for study (in
green) and control subjects (in blue). Small circles indicate outlier data instances.

The results of exercise E2 are reported in Table 4 and Figure 11. Each column represents
the time in milliseconds (ms) used by each subject to draw the corresponding letter (e.g., I,
V, G and M) on the sensor surface. Student t-test has been applied to verify the statistical
significance of the two groups, with an α value of 0.05.

Table 4. E2 exercise type, performed by drawing letters I, V, G and M on the sensor surface. Results
are reported as mean values (with standard deviation) of time taken by both study and control
subjects to draw each letter. The values are expressed in milliseconds (ms). Moreover, p-values
from T-test are also reported in the bottom row to express the statistical significance of the difference
between the same measurements for both study and control groups.

Experiments Control Study p-Value

Letter I 1127.18 ± 1286.60 2109.98 ± 977.15 <0.01
Letter V 2056.48 ± 1398.00 2954.70 ± 1915.17 <0.01
Letter G 2426.98 ± 1284.80 4130.80 ± 1763.47 <0.01
Letter M 2522.55 ± 1388.21 5245.03 ± 2421.81 <0.01

Figure 11. Results of Exercise E2 for drawing letters I, V, G and M for study (in green) and control
subjects (in blue). Small circles indicate outlier data instances.
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The Table 4 shows the time interval required to complete exercises. As expected,
patients with hand impairment found it more difficult to draw the letters. Moreover,
in some cases, the letter was drawn discontinuously (e.g., the patients were unable to
maintain contact with the pad for sufficient time) or it was not drawn at all. The letter that
required the most time was M while letter I was the easiest to draw. p-value results show
a significant difference between study and control groups in drawing both I and G. For
exercise E3, the results are reported in Table 5 and Figure 12.

Table 5. E3 exercise type, performed by a series of prono-supination events. Results are expressed as
average count and average time in milliseconds (ms) of P-S events both for study and control subjects.
T-tes results are reported in terms of p-value.

Experiments Control Study p-Value

Avg count of P-S events 37.60 ± 8.81 20.73 ± 5.56 <0.01
Avg Time for a P-S event [ms] 575.08 ± 131.59 1203.00 ± 433.73 <0.01

Figure 12. Box plot of results for Exercise E3 for the prono-supination P-S events for study (in green)
and control subjects (in blue). Small circles indicate outlier data instances.

Patients affected by hand disability perform fewer complete rotations performed by
control subjects. Also the time spent to complete the entire rotation is slower than the time
of the control. p-values report a significant statistical difference between both parameters
in the two groups.

4. Discussion

This proof-of-concept study aimed to evaluate the design and implementation of a
low-cost rehabilitation system, i.e., a programmable device designed to support upper
extremity telerehabilitation. In light of the results obtained, the device was found to be
safe, reliable and supplied at a low cost. No concerns were demonstrated in the approach
or in participating in the proposed exercises. Nevertheless, the reported results show
that patients affected by hand disability have considerable difficulty performing the exer-
cises and need more time to complete them. These exercises and the entire rehabilitation
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system could support patients in their rehabilitation pathway, monitoring performance
improvements, and physicians in the clinical evaluation of their patients.

The variability in the results concerning the exercises performed by the patients is
linked to the different pathologies and to the different motor disabilities. For example,
some patients do well in coordination exercises, but they do not have good finger control,
reporting difficulties in the second exercise. Others, instead, can control their hands but
cannot perform repeated wrist rotations in the third exercise.

The results of the first exercise (E1) express a significant statistical difference between
study and control subjects in touching the capacitive sensor following the different frequen-
cies. At both 60 bpm and 120 bpm, the study subjects perform fewer touch events in more
time w.r.t. the control. This difference can be associated to the hand dysfunction caused
by pathologies.

The second exercise (E2) shows study subjects took longer to draw the letters w.r.t. con-
trol subjects. Moreover, different execution times of the exercise are statistically significant
in drawing letters I and G.

In the last exercise (E3), study subjects performed less prono-supination with an
execution time longer than control subjects. Study subjects show difficulties in performing
the entire exercise as a result of their motor disability.

The here proposed device has been tested in a rehabilitation clinical center and ex-
ercises have been performed also under the supervision of clinical experts to validate
the instruments measurement performances. However, additional points need to be im-
proved such as: (i) automatic control of back and front part of the hand in the exercises
(see exercises E3); (ii) gravity control and measures acquisition modulation by means of
gravity values. (iii) automatic uses in a domestic environment thus that patients could be
guided during exercises and values acquisition. The reported issues could be considered as
limitations for the current implemented version. However, the positive results in terms of
measure reliability represent a positive validation that allow to consider the above reported
issues as possible tuning phases for the improvements of the proposed device and release
of an new version able to include improvements. Nevertheless, the complexity of the
gesture underlies the analysis of the dexterity itself. In this scenario, this study has some
limitations. first, this study had a small sample size without power statistics, although
it is a proof-of-concept study; secondly, there is an underlying complexity of the gesture
which is to be evaluated, but which guarantees the possibility of considering the manual
dexterity itself. Thirdly, possible modifications or adjustments of the gesture related to
different degrees of severity of the included neurological disorders could not be excluded.
Fourth, the study needs further follow-up and possible considerations and postulations of
a home-based approach.

5. Conclusions

The implemented device is able to support physicians and patients in rehabilitation by
evaluating hand mobility affected by diseases. The programmable device has been tested
by using three different types of exercises with study subjects and controls. Results show
the reliability of the device in terms of data acquisition and its usability in physioterapy
process for the characterization of subjects’ health status in upper limb pathologies. The
execution of the proposed exercises by study and control subjects produces different results,
confirming our hypothesis. In general, study subjects show lower performances in exercises
execution (i.e., take more time or produce less touch events) w.r.t. control subjects. These
results are statistically significant and could be associated to different hand motor abilities
between the two groups. Finally, the device presents a cloud-based architecture allowing it
to be used for the remote control of patients in home-based rehabilitation.
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Rehabilitation; Alena Kobesová: Prague, Czechoslovakia, 2014.
4. Canino, G.; Guzzi, P.H.; Tradigo, G.; Zhang, A.; Veltri, P. On the analysis of diseases and their related geographical data. IEEE J.

Biomed. Health Inform. 2015, 21, 228–237. [CrossRef] [PubMed]
5. Morera-Balaguer, J.; Botella-Rico, J.M.; Martínez-González, M.C.; Medina-Mirapeix, F.; Rodríguez-Nogueira, Ó. Physical

therapists’ perceptions and experiences about barriers and facilitators of therapeutic patient-centred relationships during
outpatient rehabilitation: A qualitative study. Braz. J. Phys. Ther. 2018, 22, 484–492. [CrossRef] [PubMed]

6. Carter, R.; Lubinsky, J. Rehabilitation Research: Principles and Applications; Elsevier Health Sciences: Amsterdam, The Netherlands, 2015.
7. Ellis, T.; Motl, R.W. Physical activity behavior change in persons with neurologic disorders: Overview and examples from

Parkinson disease and multiple sclerosis. J. Neurol. Phys. Ther. 2013, 37, 85–90. [CrossRef] [PubMed]
8. Succurro, E.; Pedace, E.; Andreozzi, F.; Papa, A.; Vizza, P.; Fiorentino, T.V.; Perticone, F.; Veltri, P.; Cascini, G.L.; Sesti, G. Reduction

in global myocardial glucose metabolism in subjects with 1-hour postload hyperglycemia and impaired glucose tolerance. Diabetes
Care 2020, 43, 669–676. [CrossRef] [PubMed]

9. Mercatelli, D.; Pedace, E.; Veltri, P.; Giorgi, F.M.; Guzzi, P.H. Exploiting the molecular basis of age and gender differences in
outcomes of SARS-CoV-2 infections. Comput. Struct. Biotechnol. J. 2021, 19, 4092–4100. [CrossRef] [PubMed]

10. Espay, A.J.; Aybek, S.; Carson, A.; Edwards, M.J.; Goldstein, L.H.; Hallett, M.; LaFaver, K.; LaFrance, W.C.; Lang, A.E.; Nicholson,
T.; et al. Current concepts in diagnosis and treatment of functional neurological disorders. JAMA Neurol. 2018, 75, 1132–1141.
[CrossRef] [PubMed]

11. Barnes, M.P.; Good, D.C. Neurological Rehabilitation; Elsevier: Amsterdam, The Netherlands, 2013.
12. Vizza, P.; Mirarchi, D.; Tradigo, G.; Redavide, M.; Bossio, R.B.; Veltri, P. Vocal signal analysis in patients affected by Multiple

Sclerosis. Procedia Comput. Sci. 2017, 108, 1205–1214. [CrossRef]
13. Mirarchi, D.; Vizza, P.; Tradigo, G.; Lombardo, N.; Arabia, G.; Veltri, P. Signal analysis for voice evaluation in Parkinson’s disease.

In Proceedings of the 2017 IEEE International Conference on Healthcare Informatics (ICHI), Park City, UT, USA, 23–26 August
2017; pp. 530–535.

14. Amato, F.; Cannataro, M.; Manfredi, C.; Garozzo, A.; Lombardo, N.; Cosentino, C. Early detection of voice diseases via a
web-based system. In Proceedings of the Models and Analysis of Vocal Emissions for Biomedical Applications: 5th International
Workshop, Firenze, Italy, 13–15 December 2007; pp. 1000–1004.

15. Fickling, S.D.; Greene, T.; Greene, D.; Frehlick, Z.; Campbell, N.; Etheridge, T.; Smith, C.J.; Bollinger, F.; Danilov, Y.; Rizzotti, R.;
et al. Brain vital signs detect cognitive improvements during combined physical therapy and neuromodulation in rehabilitation
from severe traumatic brain injury: A case report. Front. Hum. Neurosci. 2020, 14, 347. [CrossRef]

16. Mak, M.K.; Wong-Yu, I.S.; Shen, X.; Chung, C.L. Long-term effects of exercise and physical therapy in people with Parkinson
disease. Nat. Rev. Neurol. 2017, 13, 689–703. [CrossRef]

17. Radder, D.L.; Sturkenboom, I.H.; van Nimwegen, M.; Keus, S.H.; Bloem, B.R.; de Vries, N.M. Physical therapy and occupational
therapy in Parkinson’s disease. Int. J. Neurosci. 2017, 127, 930–943. [CrossRef] [PubMed]

http://doi.org/10.1007/s00415-020-09772-w
http://www.ncbi.nlm.nih.gov/pubmed/32193596
http://dx.doi.org/10.1109/JBHI.2015.2496424
http://www.ncbi.nlm.nih.gov/pubmed/26540721
http://dx.doi.org/10.1016/j.bjpt.2018.04.003
http://www.ncbi.nlm.nih.gov/pubmed/29705228
http://dx.doi.org/10.1097/NPT.0b013e31829157c0
http://www.ncbi.nlm.nih.gov/pubmed/23632452
http://dx.doi.org/10.2337/dc19-1975
http://www.ncbi.nlm.nih.gov/pubmed/31974102
http://dx.doi.org/10.1016/j.csbj.2021.07.002
http://www.ncbi.nlm.nih.gov/pubmed/34306570
http://dx.doi.org/10.1001/jamaneurol.2018.1264
http://www.ncbi.nlm.nih.gov/pubmed/29868890
http://dx.doi.org/10.1016/j.procs.2017.05.092
http://dx.doi.org/10.3389/fnhum.2020.00347
http://dx.doi.org/10.1038/nrneurol.2017.128
http://dx.doi.org/10.1080/00207454.2016.1275617
http://www.ncbi.nlm.nih.gov/pubmed/28007002


Bioengineering 2024, 11, 5 15 of 15

18. Prasetyo, Y.T. Factors Affecting Gross Manual Dexterity: A Structural Equation Modeling Approach. In Proceedings of the 2020
IEEE 7th International Conference on Industrial Engineering and Applications (ICIEA), Bangkok, Thailand, 16–18 April 2020.

19. Mousavi Hondori, H.; Khademi, M. A review on technical and clinical impact of microsoft kinect on physical therapy and
rehabilitation. J. Med. Eng. 2014, 2014, 846514. [CrossRef] [PubMed]

20. Porciuncula, F.; Roto, A.V.; Kumar, D.; Davis, I.; Roy, S.; Walsh, C.J.; Awad, L.N. Wearable movement sensors for rehabilitation: A
focused review of technological and clinical advances. PM&R 2018, 10, S220–S232.

21. Palumbo, A.; Vizza, P.; Calabrese, B.; Ielpo, N. Biopotential signal monitoring systems in rehabilitation: A review. Sensors 2021,
21, 7172. [CrossRef] [PubMed]

22. Tradigo, G.; Vizza, P.; Guzzi, P.H.; Fragomeni, G.; Ammendolia, A.; Veltri, P. A programmable device to guide rehabilitation
patients: Design, testing and data collection. In Proceedings of the 2020 IEEE International Conference on Bioinformatics and
Biomedicine (BIBM), Seoul, Republic of Korea, 16–19 December 2020; pp. 1487–1491.

23. Chu, C.Y.; Patterson, R.M. Soft robotic devices for hand rehabilitation and assistance: A narrative review. J. Neuroeng. Rehabil.
2018, 15, 1–14. [CrossRef] [PubMed]

24. Castelli, L.; Iacovelli, C.; Loreti, C.; Malizia, A.M.; Barone Ricciardelli, I.; Tomaino, A.; Fusco, A.; Biscotti, L.; Padua, L.; Giovannini,
S. Robotic-assisted rehabilitation for balance in stroke patients (ROAR-S): Effects of cognitive, motor and functional outcomes.
Eur. Rev. Med. Pharmacol. Sci. 2023, 27, 8198–8211.

25. Carrillo, C.; Tilley, D.; Horn, K.; Gonzalez, M.; Coffman, C.; Hilton, C.; Mani, K. Effectiveness of robotics in stroke rehabilitation
to accelerate upper extremity function: Systematic review. Occup. Ther. Int. 2023, 2023, 7991765. [CrossRef]

26. Tenforde, A.S.; Hefner, J.E.; Kodish-Wachs, J.E.; Iaccarino, M.A.; Paganoni, S. Telehealth in physical medicine and rehabilitation:
A narrative review. PM&R 2017, 9, S51–S58.

27. Domingues, V.L.; de Freitas, T.B.; Palma, G.d.S.; Makhoul, M.P.; Torriani-Pasin, C. Physical exercise program via telemonitoring
to individuals with Parkinson’s disease during COVID-19 pandemic: Phase I clinical trial. Braz. J. Mot. Behav. 2022, 16, 17.

28. Antoniello, A.; Sabatelli, A.; Valenti, S.; Di Tillo, M.; Pepa, L.; Spalazzi, L.; Andrenelli, E.; Capecci, M.; Ceravolo, M.G. A low-cost
telerehabilitation and telemonitoring system for people with Parkinson’s disease: The architecture. In Proceedings of the 2022
IEEE 12th International Conference on Consumer Electronics (ICCE-Berlin), Berlin, Germany, 2–6 September 2022; pp. 1–2.

29. Borghese, N.A.; Essenziale, J.; Mainetti, R.; Mancon, E.; Pagliaro, R.; Pajardi, G. Hand rehabilitation and telemonitoring through
smart toys. Sensors 2019, 19, 5517. [CrossRef]

30. Peretti, A.; Amenta, F.; Tayebati, S.K.; Nittari, G.; Mahdi, S.S. Telerehabilitation: Review of the state-of-the-art and areas of
application. JMIR Rehabil. Assist. Technol. 2017, 4, e7511. [CrossRef] [PubMed]

31. Sapanel, Y.; Tadeo, X.; Brenna, C.T.; Remus, A.; Koerber, F.; Cloutier, L.M.; Tremblay, G.; Blasiak, A.; Hardesty, C.L.; Yoong, J.; et al.
Economic Evaluation Associated With Clinical-Grade Mobile App–Based Digital Therapeutic Interventions: Systematic Review.
J. Med. Internet Res. 2023, 25, e47094. [CrossRef] [PubMed]

32. Arntz, A.; Weber, F.; Handgraaf, M.; Lällä, K.; Korniloff, K.; Murtonen, K.P.; Chichaeva, J.; Kidritsch, A.; Heller, M.; Sakellari,
E.; et al. Technologies in Home-Based Digital Rehabilitation: Scoping Review. JMIR Rehabil. Assist. Technol. 2023, 10, e43615.
[CrossRef] [PubMed]

33. Aggogeri, F.; Mikolajczyk, T.; O’Kane, J. Robotics for rehabilitation of hand movement in stroke survivors. Adv. Mech. Eng. 2019,
11, 1687814019841921. [CrossRef]

34. Herrera-Luna, I.; Rechy-Ramirez, E.J.; Rios-Figueroa, H.V.; Marin-Hernandez, A. Sensor fusion used in applications for hand
rehabilitation: A systematic review. IEEE Sens. J. 2019, 10, 3581–3592. [CrossRef]

35. Bernocchi, P.; Mulè, C.; Vanoglio, F.; Taveggia, G.; Luisa, A.; Scalvini, S. Home-based hand rehabilitation with a robotic glove in
hemiplegic patients after stroke: A pilot feasibility study. Top. Stroke Rehabil. 2018, 25, 114–119. [CrossRef]

36. Jo, I.; Park, Y.; Lee, J.; Bae, J. A portable and spring-guided hand exoskeleton for exercising flexion/extension of the fingers. Mech.
Mach. Theory 2019, 135, 176–191. [CrossRef]

37. Sandison, M.; Phan, K.; Casas, R.; Nguyen, L.; Lum, M.; Pergami-Peries, M.; Lum, P.S. HandMATE: Wearable robotic hand
exoskeleton and integrated android app for at home stroke rehabilitation. In Proceedings of the 2020 42nd Annual Interna-
tional Conference of the IEEE Engineering in Medicine & Biology Society (EMBC), Montreal, QC, Canada, 20–24 July 2020;
pp. 4867–4872.

38. Keil, S. Technology and Practical Use of Strain Gages with Particular Consideration of Stress Analysis Using Strain Gages; Wiley: Hoboken,
NJ, USA, 2017.

39. Mathiowetz, V.; Weber, K.; Kashman, N.; Volland, G. Adult norms for the nine hole peg test of finger dexterity. Occup. Ther. J. Res.
1985, 5, 24–38. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1155/2014/846514
http://www.ncbi.nlm.nih.gov/pubmed/27006935
http://dx.doi.org/10.3390/s21217172
http://www.ncbi.nlm.nih.gov/pubmed/34770477
http://dx.doi.org/10.1186/s12984-018-0350-6
http://www.ncbi.nlm.nih.gov/pubmed/29454392
http://dx.doi.org/10.1155/2023/7991765
http://dx.doi.org/10.3390/s19245517
http://dx.doi.org/10.2196/rehab.7511
http://www.ncbi.nlm.nih.gov/pubmed/28733271
http://dx.doi.org/10.2196/47094
http://www.ncbi.nlm.nih.gov/pubmed/37526973
http://dx.doi.org/10.2196/43615
http://www.ncbi.nlm.nih.gov/pubmed/37253381
http://dx.doi.org/10.1177/1687814019841921
http://dx.doi.org/10.1109/JSEN.2019.2897083
http://dx.doi.org/10.1080/10749357.2017.1389021
http://dx.doi.org/10.1016/j.mechmachtheory.2019.02.004
http://dx.doi.org/10.1177/153944928500500102

	Introduction
	Materials and Methods
	System Architecture
	Device Use Configuration
	Rehabilitation Exercises

	Results
	Discussion
	Conclusions
	References

