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1. Introduction

Driven by the fast-expanding market, wearable technologies have rapidly evolved [1]
and now have groundbreaking potential to empower people to make well-informed deci-
sions about their lifestyles, thus enhancing the quality of their lives and creating a healthier
society. Bridging the gap between these cutting-edge technologies and enhanced quality
of life for all people around the word is an essential prerequisite for making responsible,
inclusive, and sustainable progress, helping propel the forward movement of humanity by
opening new frontiers and expanding future horizons, leaving no one behind.

Owing to their ability to monitor the physiological and/or pathological status of the
human body in a sophisticated yet non-invasive way, wearable technologies are increas-
ingly being adopted for health maintenance and disease prevention (e.g., physical activity
monitoring), as well as for disease assessment and management of a pathological condition
(e.g., remote monitoring) [2]. To keep up with the high speed at which wearable technolo-
gies are advancing, we need to unlock and unleash their full potential for shaping a better
quality of life for present and future generations. This can be propelled by promoting more
widespread acceptance and adoption of these novel technologies that need to be more
affordable and accessible to everyone, thus facilitating the collection and analysis of a huge
amount of information, known as big data, but at the same time ensuring data privacy
and security.

Nowadays, the utilization of advanced wearable electronic systems allows for the
recording, processing, and monitoring of a large variety of health parameters, thereby
enabling capturing, and then processing, a plethora of health information from the human
body. The personalized data generated from wearable electronic systems can be integrated
into wireless communication networks, thus allowing for remote health monitoring and
data sharing. In the era of the Internet of Things (IoT) [3], the collected big data can be used
along with artificial intelligence (AI) and machine learning (ML) techniques to improve the
quality as well as the costs of healthcare services, such as supporting disease diagnosis and
personalized clinical decision making through the use of the valuable information from
large healthcare databases [4].

Although wearable technologies are continually advancing to become more mature
and pervasive with improved performance and reliability, it is worth noting that each form
of wearable sensor technology has its own pros and cons, depending on the constraints and
requirements of the specific application. Therefore, the adopted technological solutions
should be carefully tailored to fit the needs of the selected health application [5].

To meet the unprecedented challenges and unique opportunities brought about by
the extraordinary evolution of these technologies, the most ambitious target consists of
integrating multiple wearable electronic devices to develop powerful multimodal wireless
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sensor platforms. These can be used for wellbeing monitoring and the full assessment
of various pathologies for a personalized medicine. The use of a modular architecture
for the multimodal systems enables flexibility in integrating additional sensors, thereby
allowing the achievement of more functionality when needed. Additionally, today’s sensors
are smart electronic devices that are capable of data storing/processing and wireless
communication in order to allow computations to be performed locally on edge devices
or remotely in the cloud. Sensor platforms should be built by targeting the best trade-
off among all of the considered factors, which may be high performance, fast response,
high reliability, low cost, compact size, being lightweight, minimal invasiveness, comfort
and easiness in wearing, portability, durability for long-term healthcare monitoring, low
power consumption, environmentally friendly materials, green manufacturing process,
adequate computational and data storage resources, high-speed data transfer, or high level
of both data security and privacy protection. Due to the diverse nature of the competencies
required to handle these key aspects in this fascinating but also challenging research area,
it is mandatory to take a multidisciplinary approach that integrates knowledge, expertise,
and perspectives from various disciplines, including engineering, medical, and basic
science fields.

With the aim of contributing to the widespread diffusion of these amazing and pow-
erful technologies in an effective and responsible way, the objective of this Editorial is to
underline the importance of using a multidisciplinary approach in order to bridge the gap
between technological advancements and enhanced quality of life. To this end, crucial
challenges and potential solutions are discussed by considering the advantages and the
limitations of the available wearable electronic devices and the stringent requirements of
the clinical practice, together with the potentialities and the possible issues arising from the
use of health-related big data.

2. Device Technologies and Medical Applications

As an illustrative example, Figure 1 shows a schematic representation of a wearable
multimodal wireless sensor platform that integrates various smart sensors, with each of
them targeting a specific body part, source of information, and/or symptom. The adopted
technological solutions are, typically, selected to meet the needs of the target clinical appli-
cations that require the integration of multimodal signals for the prevention, early detection,
diagnosis, and staging of pathologies of a different nature and with various symptoms.
A wide range of potential clinical applications can be considered, such as neurological
pathologies (e.g., stroke, Parkinson’s disease, Alzheimer’s disease, and multiple sclero-
sis), other pathologies with common motor symptoms (e.g., hepatic encephalopathy and
orthopedic diseases), acute and chronic pathologies with cardiovascular or respiratory
symptoms (e.g., heart failure, arteriosclerosis, hypertension, diabetes, chronic obstructive
pulmonary disease, and COVID-19), and nervous or psychiatric disorders that might be
either temporary or chronic (e.g., stress, drowsiness, depression, and anxiety). Different
sensing wearable technologies can be incorporated to detect and quantify a broad range of
symptoms of the considered pathologies by collecting multimodal information.

When the analyzed pathology or condition involves the presence of motor symptoms,
among the main candidate wearable sensor technologies for human movement analysis,
inertial measurement units (IMUs) stand out as an effective solution that has gained a
leading role during the last two decades. They are very powerful, small, lightweight, and
relatively inexpensive, and can be easily worn on proximal as well as on distal body parts,
such as the forearm, hand, and fingers, and are thus able to easily move the analysis out of
the lab, when compared to the stereophotogrammetric counterpart [6]. Owing to recent
technological advancements, IMUs have become suitable for integration into wearable
devices in clinical settings, also allowing for the capturing of motion-related data in natural
unconstrained environments, especially when they are integrated into commercial devices,
such as smartphones and smartwatches. Wearable solutions based on IMUs have been
extensively used for quantitively analyzing different motor tasks and related symptom:s,
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such as gait, tremor, or bradykinesia (i.e., slowness of movement) [7-9]. Despite their
extensive use in the field of neurological pathologies, the broad applicability of IMUs has
also been reported for a variety of non-neurological conditions, highlighting their ability to
capture relevant motor symptoms even when they are not the prominent manifestation of
a pathology.

IMU
PPG

GSR

EMG

1

Figure 1. Schematic illustration of a wearable multimodal wireless sensor platform. Different types

of wearable smart sensors are wirelessly embedded into the platform to allow for the collection and
processing of multimodal data.

For what concerns the assessment of nerve and muscle function, electrophysiological
monitoring of muscle activity, referred to as electromyography (EMG), enables reliable
sensing of the muscle contraction mechanisms. EMG is the superposition of the action
potential trains generated by multiple motor units (i.e., muscle fibers innervated by the
same motor neuron), and it has been widely used for many applications, including health
monitoring. Clinical applications are often based on invasive recordings using needle
electrodes able to record the activity of few motor units within the target muscle, known
as intramuscular EMG. However, in the case of wearable technologies, the use of non-
invasive measurements is strictly needed, in order to allow for prolonged monitoring, to
facilitate the movement of the subject, and to open up the possibility of easily recording
the EMG signal in clinical applications from multiple target muscles [10] and/or from
multiple locations on a single target muscle [11]. In this scenario, surface electromyography
(sEMG) is the only viable solution to fulfil the demands of the wearable applications. To
date, SEMG measurements have involved the use of silver/silver chloride (Ag/AgCl)
electrodes in the form of pre-gelled adhesive patches to be attached to the skin over the
target muscle. Although this solution is widespread in research and clinical practice, the use
of temporary electrodes together with bulky recording devices reduces patient comfort and
makes it difficult to record the EMG signal for a prolonged period of time. Therefore, the
need to develop innovative sSEMG recording devices that can be embedded into wearable
electronic systems, including processing capabilities (e.g., data compression [12]), is evident.
Recent research has gone in the direction of designing wearable sEMG solutions, which
include electrodes that are printed or integrated into flexible supports, which also include
interconnects [13].

In cardiac and vascular conditions, the frequent measurement of vital signs is often
needed in risky situations, such as the periods following a cardiovascular acute event or
cardiac surgery, to monitor the patient’s evolution and minimize hospital readmission
events. Despite the widespread use of wearable electrocardiography (ECG) sensors as
a standard reference measurement for quantitative cardiac assessment [14], there is now
growing interest in the photoplethysmography (PPG) technique. PPG is a non-invasive
optical technique for checking the functionality of the circulatory system [15], which
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measures a signal that is proportional to the amount of hemoglobin present in a volume
of tissue underlying the optical probe. The PPG technique has been in clinical practice
for decades to assess the cardiac function at the peripheral level, with sensors placed over
distal parts, such as fingers, ear lobes, and the forehead. The popularity of these devices
is essentially due to their non-invasiveness, cheapness, easiness in use, and comfort for
the user. Despite the cardiac rhythm and the percentage of blood oxygenation, the PPG
has been extensively used for the determination of derived parameters, such as blood
pressure and arterial stiffness, that usually require trained personnel and dedicated devices
and setups [16]. There are already PPG-based commercially available tools that monitor
parameters related to heart rhythm and the state of the arteries, with applications in
conditions such as hypertension, diabetes, and hypercholesterolemia (i.e., high cholesterol),
besides the natural aging of the arteries [17].

Among the possible signals that can be recorded, health assessment could greatly
benefit from monitoring quantities that are related to the user’s current state, such as those
coming from physiological information. In recent years, increasing attention has been
paid to the measurement of the acute physiological responses to mental, emotional, or
physical challenges that a subject encounters during the execution of any kind of task.
Different markers have been explored for assessing these kinds of physiological responses,
including electrodermal activity, features related to heartbeat patterns, blood pressure,
and respiration activity [18]. All of these quantities can be modified by the presence of
pathologies or be due to the activity of the sympathetic nervous system, in the presence
of acute stressful events. Among the various solutions, wearable technologies, including
the measurement of electrodermal activity, assessed using galvanic skin response (GSR)
sensors, and heart rate patterns, as measured via ECG or PPG sensors, have been widely
exploited for monitoring the user’s current state [19,20]. The assessment of the status
of the patient’s health condition in a non-invasive and fast way also paves the way for
personalized state-dependent therapies, especially in the field of neurorehabilitation, where
the frustration of the patient during the therapy might be one of the main obstacles to a
functional recovery.

3. The Potential of Machine Learning in Healthcare

In order for these wearable electronic systems to provide innovative support to medi-
cal decisions, there is a need to properly and accurately process the large and heterogeneous
amount of information that is gathered. Thanks to the strong improvement in the com-
putational capabilities of modern electronic devices on all scales, the integration of data
processing functions within the smart sensor platform, including the integration of ML
into the data processing scheme, does not constitute an obstacle anymore. The fast ad-
vancements in the fields of Al and ML have indeed conveyed the central role of these
techniques, and their potential for providing technical support to clinical decision making
is more evident. The integration of ML algorithms with wearable sensing technologies
has constituted a trend in the scientific literature of the last decade, and the number of
published scientific articles on this topic has been increasing year by year. More specifically,
ML algorithms trained using health-related data have shown their potential to detect and
classify various diseases, and to even stage specific symptoms associated with different
pathological conditions [21]. This ML-based technological approach has the potential to
greatly improve healthcare, since it allows the monitoring of the evolution of many diseases,
thus facilitating more informed medical decisions and supporting the choice of the most
appropriate therapeutic paths. This is possible because wearable smart sensors enable a
potentially seamless monitoring of the status of a patient, leading to a more reliable and
continuous description of their condition. Despite the huge potential of ML in this field,
there are drawbacks, challenges, and bottlenecks that require careful attention [22]; for
example, the nature of ML techniques constitutes a potential challenge in itself, since the
proper training, testing, and validation of these techniques is often based on the presence
of large and representative datasets, which are not always available, especially in the case
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of rare diseases. Moreover, biomedical signals and health-related data are subject to high
inter-individual variability, and this might constitute a drawback in the construction of
robust and representative datasets, able to account for all of the possible manifestations
of a pathological condition. Furthermore, considering that wearable sensor platforms are
currently being developed for facilitating remote application in real-world scenarios, the
unconstrained and uncontrolled measuring conditions constitute an unavoidable source
of noise in the gathered data that could significantly affect the accuracy of ML algorithms.
These considerations, in addition to the privacy issues related to the collection of sensitive
personal health-related data, constitute a bottleneck that needs to be overcome to enable
the widespread adoption of ML use with wearable sensor data in routine clinical practice.

4. Perspectives and Conclusions

While innovative wearable technologies able to capture personalized health data are
constantly expanding, the present challenge for the scientific and medical community is to
understand how we can best use the information coming from these technologies to make
a substantial difference in our lives. These health technologies need to simultaneously be
usable and affordable, resonating both with the personal wellbeing goals of the patients
and with the needs of the medical doctors and therapists. Meeting the challenges posed
by the proliferation of the wearable technologies and the associated huge influx of health-
related data requires a multidisciplinary team of researchers from engineering, medical,
and basic science fields. This interdisciplinary research area needs to bring together tech-
nical specialists from different disciplines (e.g., electronics, biomedical instrumentation,
bioengineering, sensing techniques, wireless technologies, computer science, microsystems,
physics, and materials science) to meet clinical needs in a broad spectrum of medical fields
(e.g., neurology, cardiology, and orthopedics), thus enabling the translation of technological
advancements into human progress in an effective and responsible way. Even though many
off-the-shelf commercial solutions are available, they may not be optimized for specific
pathologies, target body parts, or dominant symptoms, mainly because of their general-
purpose use; therefore, the development of custom prototypes, tailored to specific clinical
scenarios and needs, is often required [23]. This holds true not only for already-identified
clinical scenarios, where wearable solutions already exist and a scientific effort to bring
about performance optimization is warranted, but also for finding solutions in fields where
wearable and portable applications are still in their infancy or are even far from being
thought of. For example, the monitoring of cardiovascular, neurodegenerative, or oncologic
diseases could benefit from information provided using a breath analysis system [24],
especially if a wearable device is envisaged [25]. Another example of great practical im-
portance is patients undergoing nuclear medicine therapy, where it is essential that the
treatment be personalized [26]; to achieve this ambitious goal, gamma radiation sensors
might be exploited as a wearable monitoring system for the assessment of the absorbed
dose in target lesions and organs at risk. With regard to this engaging scenario, one of the
main aims of the pillar Health of the SAMOTHRACE project (Sicilian Micro and Nano
Technology Research and Innovation Center) is studying, prototyping, and developing
innovative wearable devices and multimodal sensor platforms for clinical application using
a multidisciplinary strategy, thus contributing to bridging the present gap between the
great potential of wearable technologies and their actual translation into clinical practice.

Author Contributions: Conceptualization, C.D.M. and G.C.; writing—original draft preparation,
C.D.M. and G.C.; writing—review and editing, N.D. and S.B.; supervision, N.D. and S.B. All authors
have read and agreed to the published version of the manuscript.

Funding: This work has been partially funded by the European Union (NextGeneration EU) through
the MUR-PNRR project SAMOTHRACE (ECS00000022).

Conflicts of Interest: The authors declare no conflict of interest.



Electronics 2023, 12, 4284 60f6

References

1.  Ometov, A.; Shubina, V.; Klus, L.; Skibiriska, J.; Saafi, S.; Pascacio, P.; Flueratoru, L.; Gaibor, D.Q.; Chukhno, N.; Chukhno, O.; et al.
A survey on wearable technology: History, state-of-the-art and current challenges. Comput. Netw. 2021, 193, 108074. [CrossRef]

2. Liao, Y.; Thompson, C.; Peterson, S.; Mandrola, J.; Beg, M.S. The future of wearable technologies and remote monitoring in health
care. Am. Soc. Clin. Oncol. Educ. Book 2019, 39, 115-121. [CrossRef] [PubMed]

3. De Fazio, R.; De Vittorio, M.; Visconti, P. Innovative IoT solutions and wearable sensing systems for monitoring human biophysical
parameters: A review. Electronics 2021, 10, 1660. [CrossRef]

4. Godfrey, A.; Hetherington, V.; Shum, H.; Bonato, P; Lovell, N.H.; Stuart, S. From A to Z: Wearable technology explained. Maturitas
2018, 113, 40-47. [CrossRef]

5. Kalantari, M. Consumers’ adoption of wearable technologies: Literature review, synthesis, and future research agenda. Int. J.
Technol. Mark. 2017, 12, 274-307. [CrossRef]

6. Picerno, P; Iosa, M.; D’Souza, C.; Benedetti, M.G.; Paolucci, S.; Morone, G. Wearable inertial sensors for human movement
analysis: A five-year update. Expert Rev. Med. Devices 2021, 18 (Suppl. S1), 79-94. [CrossRef]

7. Trojaniello, D.; Cereatti, A.; Pelosin, E.; Avanzino, L.; Mirelman, A.; Hausdorff, ].M.; Della Croce, U. Estimation of step-by-step
spatio-temporal parameters of normal and impaired gait using shank-mounted magneto-inertial sensors: Application to elderly,
hemiparetic, parkinsonian and choreic gait. J. Neuroeng. Rehabil. 2014, 11, 152. [CrossRef]

8.  Gugliandolo, G.; Campobello, G.; Capra, P.P,; Marino, S.; Bramanti, A.; Di Lorenzo, G.; Donato, N. A movement-tremors recorder
for patients of neurodegenerative diseases. IEEE Trans. Instrum. Meas. 2019, 68, 1451-1457. [CrossRef]

9.  Dai, H;; Lin, H,; Lueth, T.C. Quantitative assessment of parkinsonian bradykinesia based on an inertial measurement unit. Biomed.
Eng. Online 2015, 14, 68. [CrossRef]

10. De Marchis, C.; Ranaldi, S.; Serrao, M.; Ranavolo, A.; Draicchio, F.; Lacquaniti, F.; Conforto, S. Modular motor control of the
sound limb in gait of people with trans-femoral amputation. J. Neuroeng. Rehabil. 2019, 16, 132. [CrossRef]

11.  Drost, G.; Stegeman, D.E,; van Engelen, B.G.; Zwarts, M.]. Clinical applications of high-density surface EMG: A systematic review.
J. Electromyogr. Kinesiol. 2006, 16, 586-602. [CrossRef] [PubMed]

12.  Trabuco, M.H.; Costa, M.V.C.; de Oliveira Nascimento, F.A. S-EMG signal compression based on domain transformation and
spectral shape dynamic bit allocation. BioMedical Eng. OnLine 2014, 13, 22. [CrossRef] [PubMed]

13.  Ohiri, K.A.; Pyles, C.O.; Hamilton, L.H.; Baker, M.M.; McGuire, M.T.; Nguyen, E.Q.; Osborn, L.E.; Rossick, K.M.; McDowell,
E.G.; Strohsnitter, L.M.; et al. E-textile based modular sEMG suit for large area level of effort analysis. Sci. Rep. 2002, 12, 9650.
[CrossRef]

14. Villegas, A.; McEneaney, D.; Escalona, O. Arm-ECG wireless sensor system for wearable long-term surveillance of heart
arrhythmias. Electronics 2019, 8, 1300. [CrossRef]

15. Castaneda, D.; Esparza, A.; Ghamari, M.; Soltanpur, C.; Nazeran, H. A review on wearable photoplethysmography sensors and
their potential future applications in health care. Int. J. Biosens. Bioelectron. 2018, 4, 195.

16. Elgendi, M.; Fletcher, R.; Liang, Y.; Howard, N.; Lovell, N.H.; Abbott, D.; Lim, K.; Ward, R. The use of photoplethysmography for
assessing hypertension. NP] Digit. Med. 2019, 2, 60. [CrossRef]

17.  Kim, K.B.; Baek, H.J. Photoplethysmography in Wearable Devices: A Comprehensive Review of Technological Advances, Current
Challenges, and Future Directions. Electronics 2023, 12, 2923. [CrossRef]

18.  Choi, J.; Ahmed, B.; Gutierrez-Osuna, R. Development and evaluation of an ambulatory stress monitor based on wearable sensors.
IEEE Trans. Inf. Technol. Biomed. 2011, 16, 279-286. [CrossRef]

19. Rinella, S.; Massimino, S.; Fallica, P.G.; Giacobbe, A.; Donato, N.; Coco, M.; Neri, G.; Parenti, R.; Perciavalle, V.; Conoci, S. Emotion
Recognition: Photoplethysmography and Electrocardiography in Comparison. Biosensors 2022, 12, 811. [CrossRef]

20. Posada-Quintero, H.F.; Chon, K.H. Innovations in electrodermal activity data collection and signal processing: A systematic
review. Sensors 2020, 20, 479. [CrossRef]

21. Haick, H.; Tang, N. Artificial intelligence in medical sensors for clinical decisions. ACS Nano 2021, 15, 3557-3567. [CrossRef]
[PubMed]

22. Kubota, K.J.; Chen, J.A.; Little, M.A. Machine learning for large-scale wearable sensor data in Parkinson’s disease: Concepts,
promises, pitfalls, and futures. Mov. Disord. 2016, 31, 1314-1326. [CrossRef]

23. Ismar, E.; Kursun Bahadir, S.; Kalaoglu, F; Koncar, V. Futuristic clothes: Electronic textiles and wearable technologies. Glob. Chall.
2020, 4, 1900092. [CrossRef] [PubMed]

24. Das, S.; Pal, M. Non-invasive monitoring of human health by exhaled breath analysis: A comprehensive review. J. Electrochem.
Soc. 2020, 167, 037562. [CrossRef]

25. Ates, H.C,; Dincer, C. Wearable breath analysis. Nat. Rev. Bioeng. 2023, 1, 80-82. [CrossRef]

26. Ligonnet, T.; Pistone, D.; Auditore, L.; Italiano, A.; Amato, E.; Campenni, A.; Schaefer, N.; Boughdad, S.; Baldari, S.; Gnesin, S.

Simplified patient-specific renal dosimetry in 177Lu therapy: A proof of concept. Phys. Medica 2021, 92, 75-85. [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.


https://doi.org/10.1016/j.comnet.2021.108074
https://doi.org/10.1200/EDBK_238919
https://www.ncbi.nlm.nih.gov/pubmed/31099626
https://doi.org/10.3390/electronics10141660
https://doi.org/10.1016/j.maturitas.2018.04.012
https://doi.org/10.1504/IJTMKT.2017.089665
https://doi.org/10.1080/17434440.2021.1988849
https://doi.org/10.1186/1743-0003-11-152
https://doi.org/10.1109/TIM.2019.2900141
https://doi.org/10.1186/s12938-015-0067-8
https://doi.org/10.1186/s12984-019-0616-7
https://doi.org/10.1016/j.jelekin.2006.09.005
https://www.ncbi.nlm.nih.gov/pubmed/17085302
https://doi.org/10.1186/1475-925X-13-22
https://www.ncbi.nlm.nih.gov/pubmed/24571620
https://doi.org/10.1038/s41598-022-13701-4
https://doi.org/10.3390/electronics8111300
https://doi.org/10.1038/s41746-019-0136-7
https://doi.org/10.3390/electronics12132923
https://doi.org/10.1109/TITB.2011.2169804
https://doi.org/10.3390/bios12100811
https://doi.org/10.3390/s20020479
https://doi.org/10.1021/acsnano.1c00085
https://www.ncbi.nlm.nih.gov/pubmed/33620208
https://doi.org/10.1002/mds.26693
https://doi.org/10.1002/gch2.201900092
https://www.ncbi.nlm.nih.gov/pubmed/32642074
https://doi.org/10.1149/1945-7111/ab67a6
https://doi.org/10.1038/s44222-022-00011-7
https://doi.org/10.1016/j.ejmp.2021.11.007

	Introduction 
	Device Technologies and Medical Applications 
	The Potential of Machine Learning in Healthcare 
	Perspectives and Conclusions 
	References

