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Abstract

The present contribution aims to analyze and highlight the potential of piezoelectric materials in
actuation and sensing duties performing reliable high precision outcomes in cutting-edge
applications including medical involvements. These engage high precision, actuations of robotized
procedures as well as monitoring and controlling various physical phenomena via structural sensing.
The characteristics of these applications project enhanced, precision machinery and robotic tools,
medical robotic precise interventions and high accuracy structural sensing. The paper exposed,
analyzed, reviewed and discussed different subjects related to piezoelectric actuators involving their
displacement and positioning strategies, piezoelectric sensors, medical applications of piezoelectric
actuators and sensors including robotic actuation for medical interventions, structural sensing in
monitoring of healthcare wearable tools. Discussions among others on the advantages and limitations
of piezoelectric sensors and actuators in general as well as future research perspectives in medical
involvements, are also presented at the end of the article. The specific features in the illustrated
applications reflect crucial behaviors in robotic actuation for medical interventions, structural sensing
in monitoring of healthcare wearable tools, and control of various structural physical occurrences.

Keywords: piezoelectric; actuators and sensors; motion and positioning accuracy; procedure
actuation; image-assisted interventions; structural sensing; wearable devices; digital monitoring

1. Introduction

Motion and positioning are frequently exercised in advanced energy mechanisms, e.g., robotic
junctions, spatial arrangements, precision machineries, etc. Such duties can be accomplished by
means of actuators exhibiting high degrees of displacement resolution and positioning accuracy
along with swift response, high stiffness and actuation potency, simple configuration, flexible stroke,
endurance to electromagnetic (EM) interference, and scalable arrangement with unimportant size.
On the other hand, accurate sensing of different quantities can play a significant role in such advanced
tools and particularly monitoring and controlling various structural physical occurrences. Actuators
and sensors utilizing piezoelectric materials are on track contenders for such features [1-8]. Actuators
can be incorporated for movement and/or positioning in energy implements [2,4] or setting up self-
ruling robots [1,5]. Such actuators operate obeying the piezoelectric inverse effect. Actually, a
piezoelectric material creates electric potential under an applied compression, which is the direct
effect, while an applied electric potential on the material generates mechanical deformation that is
the inverse effect. The direct effect is operated in structural sensors and energy transducers as well as
damping and energy harvesting systems, while the inverse one is behaved in actuating tools. Such
actuating tools can be exploited neat or via an amplified action depending on the actuated strength
application [9-11]. Such amplification displays a double conversion electric-mechanic (inverse
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piezoelectric effect — small displacement) and mechanic-mechanic (displacement magnifying)
typifying the movement fashioned by the amplified actuator.

Recent precision revolution impacted sophisticated innovative industrial processes and medical
therapeutics in both actuation and sensing tasks. Both happening are related to displacement
resolution and positioning accuracy mostly involved in robotized procedures as well as pressure
detection. In both industrial and medical domains piezoelectric materials can contribute an effective
duty. The involved industrial applications are mainly related to precision machinery and robotic tools
[12-14] as well as pressure sensing [15]. In the case of healthcare the concerned therapeutics are
related to wearable pressure detection tools [16] and robotic interventional surgery and drug delivery
[17]. Chronologically involved strategies in this context, were robotized laparoscopic, computerized
robotic and image-guided robotic interventions [18]. Furthermore, in addition to the important role
of piezoelectric materials in sensing and actuation, their voltage-dependent actuating action allows
performing for energy harvesting and structural health monitoring. This occurrence fashions
piezoelectric sensors and actuators valuable for monitoring and controlling various physical
observable facts, for instance vibration, tremor, position, shift, pressure, deformation, etc. [19,20].
Besides, more specific involvements of piezoelectric materials could be found in different recent
applications, for instance, ultra-high load-to-weight ratio [21] and long-range positioning with
nanometer resolution [22].

Various research has been published on specific applications of the studied topic. This
contribution aims to evaluate and merge some related approaches, focusing on analyzing and
demonstrating the potential of piezoelectric reliable actuation and sensing tasks in revolutionary
industrial and medical fields.

The aim of this paper is the assessment of piezoelectric materials use in actuation and sensing
duties performing reliable towering precision solutions in recent industrial and medical
involvements. This work particularly concerns the actuation of robotic procedures in medical
interventions, as well as structural detection and assistance in wearable medical tools. High-
reliability precision mechanisms used, in these specific cases, in the medical field are directly linked
to patient safety and staff ease. The different themes addressed in this paper, although autonomous,
are supported by examples of the literature, allowing a deeper comprehending.

In the present contribution, after a general introduction on actuation and sensing devices
involving piezoelectric materials, different related characteristics will be exposed, analyzed,
reviewed and discussed. Section 2 concerns piezoelectric actuators including different categories of
actuators and traveling wave piezoelectric robots as well as displacement and positioning strategies
in general focusing on the analysis of displacement resolution and positioning accuracy. Section 3 is
relative to piezoelectric sensors including their use in monitoring and controlling various structural
physical occurrences. Section 4 is devoted to medical applications of piezoelectric actuators and
sensors. These concern robotic actuation for medical interventions, structural sensing in monitoring
of healthcare wearable tools. Section 5 deals with various discussions related to additional details on
points from the previous sections, including comments on the advantages and limitations of
piezoelectric sensors and actuators and research perspectives. Section 6 is devoted to conclusions and
a summary of possible future work.

2. Piezoelectric Actuators

Topical progresses in technology have directed to a fast increase of requests of high
revolutionary accuracy positioning and directing skills. Piezoelectric actuators exhibit resolution
dominance in nanometer-range, swiftly response, and invulnerability to magnetic interference,
outclassing their pairs, say magnetostrictive and shape-memory alloy actuators [23-25], in uses of
precision engineering, movement yield, medical handling, and microfluidics management.
Furthermore, the mechanical scalability and outstanding load aptitude, fashion piezoelectric
actuators an encouraging postulant in the arenas of automation, robotics, industrial assessment,
healthcare, defense, and aerospace.
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2.1. Different Categories of Piezoelectric Actuators

Piezoelectric actuators are often classified in different manners related to for instance, material,
performance, structure, vibration condition, cutting-edge, etc. In general, from such classification an
outcome indicates the different adaptabilities of an actuator to a specific application. However, while
selecting a viable kind of actuator for diverse use situations, assorted issues ought to be deliberated,
counting for accuracy, velocity, power intake, mechanical intricacy, control complication, and price
[6,26]. The classifications of piezoelectric actuators have been investigated in many published works,
e.g. [6,8,27] and they are not in the scope of the present work.

The present contribution focuses on actuated procedures exhibiting high degrees of
displacement resolution, positioning accuracy and swift response. We will consider, in this context,
different robotic procedures, depending on the intended application, utilizing piezoelectric materials.

The first concerns robotic structures actuated directly by piezoelectric incorporated materials
[28] in the form of bonded pieces. These are travelling wave (TW) beams and plates employed
generally in miniaturized form in applications involving controlled precise displacements of small
masses on a surface or other medium in general [5,28,29] or of liquids in conduits as mini or micro
pumps [4,30,31]. Such actuators are generally used in precision processes that need accuracy,
repeatability and reliability as e.g. robotics, automation signifying great load facility, higher move
span and soft displacement. Figure 1 shows an example of a TW piezoelectric integrated mini-robot
moving on a smooth surface [5]. Figure 2 shows the same robot loaded by a small masse moving on
a rough surface [5].

Figure 1. Example of a TW piezoelectric integrated mini-robot moving on a smooth surface [5].

Figure 2. The same robot as in Figure 1, loaded by a small masse moving on a rough surface [5].

The second concerns actuated robotic joints using actuators functioning on the conversion of the
piezoelectric materials deformation into indirect displacement through complex configurations using
techniques as repeating and/or stepping permitting larger strokes and higher degrees of freedom [32].
Such category includes stepping actuators [8,33], and ultrasonic actuators [27]. These are
characterized by rapid responsiveness, high efficiency, and invulnerability to EM interference,
making them particularly suitable for medical and aerospace applications. Stepper actuators have
slower movement but offer better mechanical flexibility and lower cost. Figure 3 illustrates, in the
context of actuated robotic joints, an example of a prototype of actuated robotic arm, [3].
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Figure 3. [llustration of actuated robotic joints in a prototype of robotic arm actuated by PZM technologies, [3].

Note that piezoelectric materials can be used solo outside actuation procedure in different
applications, e.g. piezo surgery, which is an osteotomy technique requiring the use of micro
vibrations of blades at ultrasonic frequency, piezo surgery is therefore an ultrasonic transduction,
obtained by contraction and expansion of piezoelectric ceramic [34]. Another example is the use of
ultrasound transducers for hyperthermia tumor treatment. This technique uses intracavitary
ultrasound applicators acting as a multi-element ultrasound transducer that distributes adapted
power deposited in the tissue volume by controlling each element, thus allowing selective tissue
eradication, an alternate to conventional surgery [35].

2.2. TW Piezoelectric Robotic Structures

Generally, a structural wave can be generated in a material by a vibration source interacting with
that substance. This wave propagates in the material, transporting energy from one position to
another. The ability to generate and propagate a wave motion in a restricted material can be reached
by specific actuation means. TWs can be obtained in one-dimensional mode in beams actuated at
their ends, or in two-dimensional mode in plates with actuators positioned at different positions
depending on the intended propagation. These actuators generate controlled structural vibrations
consistent with their specific excitations, which define the features of the fashioned progressive
waves.

2.2.1. TW Piezoelectric Beam Robots

Regarding piezoelectric ultrasonic actuators, consisting of a fixed excited stator and a moving
slider, the linear version of these actuators [35] initiates the concept of traveling wave (TW)
piezoelectric beam robots. In this case, the entire robotic beam moves forward by itself rather than
moving the slider as in the case of an ultrasonic actuator. The involved motion can be produced by a
single or dual excitation mode. In reality, pure TWs can only exist on very long structures.
Furthermore, in finite configurations, e.g., beams, the TW vibration is partly restored when it hits the
edges. The mentioned excitation modes allow to circumvent the wave reflection. In the case of one-
mode excitation, two piezoelectric transducers are placed one at each end of the beam, one acting as
actuator generating at resonance frequency a TW, while the other acting as sensor permitting the
management of vibrations via their active control regulation down the beam or via electric power
dissipation through passive RL circuit. In the two-mode case, again two transducers are placed one
at each end of the beam but both acting as actuator producing beam vibration developing a TW via
active control applying simultaneously in the two transducers, two neighboring beam natural mode
shapes at the same frequency but 90° phased. TW and motion direction can be reversed by the
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exchange of the two transducers in the one-mode excitation and switching the phase of the two
transducers from 90° to -90° in the two-mode case [5,36]. Figure 4 illustrates schematics of a
piezoelectric TW beam robot and a prototype of such beam minirobot, [5].

Figure 4. Schematics of a piezoelectric TW beam robot (left) and a prototype of such beam minirobot (right),

(5]

2.2.2. TW of Piezoelectric Patches Bonded on Thin Structures

Thin structures enfolding piezoelectric materials are largely utilized for vibrations control [37],
for structural damage and fatigue reveal [38], for designing motors with vibrations at the micro-meter
level [39], etc.

Small-scale robots utilizing piezoelectric patches or sheets attached on thin structures are
operated in various uses concerning beam and plate structures featuring generally miniature robots.
A significant class of these, relates to beam robots that allows linear motion involving actions of two
piezoelectric patches joined on the two beam ends. As discussed in last section such behaviors can be
actuator-sensor nature or actuator-actuator one [36]. In the case of miniature plate robots, they permit
movements in different directions contingent on actions and locations of piezoelectric patches
bonded on the plate [29]. Figure 5 illustrates a representation of a beam robot with two piezoelectric
patches on its ends performing in mode 1 (actuator-sensor: vibrating-absorbing) and mode 2
(actuator-actuator: vibrating-vibrating) [5].

Aluminium beam
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paich patch

o
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Figure 5. Schematic illustration for piezoelectric beam robot excitation modes: (a) actuator-sensor, (b) actuator-

actuator, [5].

2.3. Displacement and Positioning

The inverse piezoelectric effect as mentioned before is the ruling law for piezoelectric actuators.
Compared to EM ones that reflect good execution in far-reaching force/movement with relatively
important displacements, piezoelectric actuators can permit motions of mm or nm. Due to their
distinctive benefits of swift response, great motion resolution, high stiffness, actuation potency and
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scalable arrangement as well as endurance to EM interference, piezoelectric materials are often
employed in precision displacement including integrated into other systems where space is limited,
see e.g. [40].

Piezoelectric actuators are used in precision motion and vibration control applications. They
hence provide position and speed control, high accuracy and repeatability, and reduced unwanted
vibration for smooth, safe, and efficient operation. It should be noted that displacement and
positioning realized by piezoelectric actuation can be detected by piezoelectric sensors as will be
shown in the next section. The combination of high accurate displacement and positioning actuation
and sensing permits reliable robotic management for procedures involving sensitive high degree of
zone restricted actions as for example neurosurgery, restricted drug delivery, etc. [17,18].

3. Piezoelectric Sensors

Piezoelectric sensors create an electric charge when submitted to mechanical stress and put
forward elevated sensitivity to dynamic variations and valuable process within a wide-ranging
frequency. They are generally utilized in structural integrity monitoring, ultrasonic assessing,
vibration testing and largely in controlling various industrial structural physical occurrences [19].

3.1. Force Detecting

Piezoelectric force sensors are broadly known for their great sensitivity, and well linear
response, rendering them perfect for several force-sensing requests. They function following the
principle of direct piezoelectric effect and present a wide-ranging sensing, from m. newton to k.
newton, satisfying varied uses e.g. in healthcare and medical interventions [41-44].

3.2. Structural Integrity Supervising

Structural integrity monitoring is a vital use of piezoelectric sensing about mechanical and civil
domains. It is the practice of constantly supervising the structural health of an edifice and identifying
any variations or deficiency that might arise [45,46]. A piezoelectric sensor fits well such supervision
since it is particularly sensitive to slight variations in strain. Such supervision is exploited for integrity
nursing of bridges, constructions, and other edifices, thus detecting strain changes and further
parameters indicating structural weakening or degradation [47-50]. Moreover, it is frequently
exploited to sense and examine structural vibrations triggered by blustery weather, earthquakes, etc.
[51,52].

3.3. Movement and Position Detection

As mentioned above, displacement and positioning achieved by piezoelectric actuation can also
be detected by piezoelectric sensors in real time, due to their great sensitivity and swift response time,
in many applications involving high precision. Thus, the sensor can identify minor variations of
displacement or position, which are vital for accurate movement and distance control in applications
as precision machinery, automotive sensing, robotics and domestic smart appliances [53,54]. Note
that an actuator can use self-sensing to detect changes in displacement or position.

4. Examples of Medical Applications of Piezoelectric Actuators and Sensors

Various recurring performs and assistances promote a novel well-being owing to health-
connected tactics that call attention to security, comfort, and salutary outcomes. Topical medical
progresses have become possible to determine the sources of many illnesses and institute
methodologies to handle them, from diagnosis, therapeutic assistance, etc. until surgical
interventions. The efficacy of these treatments is right connected to the abovementioned patient’s
health-linked tactics, which suggest procedures to be minimally invasive (MI) and accurately
supervised.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Two main therapeutic categories in this context call for piezoelectric actuators and sensors,
namely robotic actuation for medical interventions and structural sensing in monitoring of healthcare
wearable tools. Other therapeutics use piezoelectric materials in different medical applications, e.g.
piezo surgery [34] and ultrasound transducers for hyperthermia [35].

4.1. Robotic Actuation for Medical Involvements

In medical robotic procedures, as discussed in Section 2.1, robotic structures actuated directly
by incorporated piezoelectric materials can be used in miniature form or through robotic joints using
actuators converting the deformation of piezoelectric materials into indirect displacement, used in
medical interventions. Directly actuated self-propelled miniature robotic structures will be discussed
in Sections 5.2 and 5.6.3. Actuated roboticjoints for medical interventions are detailed in the following
paragraphs.

4.1.1. Robotic Medical Interventions

Recently, medical interventional procedures have advanced fast-developing specialties,
wherever groundbreaking expertise are rapidly introduced and share out through diverse surgical
fields of skill. In addition, interventional approach has advanced significantly and is constantly going
up thru open, laparoscopic and robotic interventions. Progresses in practiced medical procedures
have generated numerous profits to patients. Alternatively, procedural intricacy has augmented, and
the missions of surgeons have altered considerably, see e.g. [55].

From the time of initial surgery performs, the open practice has been usually exercised to “see
fully” and is up to now utilized in circumstances associated to intricate framework and challenging
procedures. On the other hand, the invasive nature of open interventions presents several risks in
different specific circumstances and MI procedures would be preferred.

Laparoscopic intervention has meaningfully renovated the long-recognized open procedure,
due to the various advantages it offers to patients through an MI technique [56,57]. MI mode has
transformed the approach to specific body zones by delivering an enlarged view throughout a small
camera and a lighting end of a mini-sized instrument [58,59]. Furthermore, laparoscopic technique is
associated with abridged postoperative suffering and quicker recovery, permitting the managing of
slight clinical periods [58-60]. Moreover, it grants significant profits, for instance better lesion
aesthetics and reduced threat of impediment [58] and can play a specific role of diagnostic
laparoscopy [61]. Nevertheless, laparoscopic processes exercising lengthened instruments in addition
to 2-D visualization revelations might fashion some operating ergonomic menaces [56,62] and
possible increased postoperative risk [63]. A robotic MI laparoscopic version procedure can avoid
such menaces. In fact, particular processes that are complex or widespread might however require
open or more stylish robot-supported laparoscopic (for sew up, and tissue deal in) procedures [64].
Consequently, only a computerized robotic MI intervention can avoid all the abovementioned
limitations.

In computerized robotic case, interventional ingenuity and ergonomics are enhanced due to 3-
D vision, robotic amplified degree of freedom besides a boost for broad growth in MI intervention
practice, e.g. [65-67]. The practice of robotic intervention has progressed from minimal inert deeds
for instrument withdrawal, or occupying machines for instance rail-fixed implements or camera
directing, to dynamic robotic arrangements whose movement extent of mechanisms permits raised
execution and enhanced precision for ending and suturing while utilizing a MI methodology in
autonomous procedures, e.g. [68-70] and with staff in the loop, e.g. [71-73]. Furthermore, it
eliminates tactile shakes and laparoscopic intervention pivot effects. Robotic wrist implements
propose ample freedom degrees to surmount the laparoscopic tools restriction, which habitually do
not let its pointer to attain the tissue anterior and authorize suturing in problematic ergonomic
postures.

The above analysis shows that patient’s health well-being depends on diverse issues linked to
the tissue invasiveness degree, pursuing precision, intervention duration, healing rapidity, etc. These
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aspects are connected, in addition to the patient, to the therapeutic team concerning dexterity,
ergonomics, and execution ease. The staff abilities involved in the different interventional procedures
are fairly state-specific regarding the patient, staff, interventional intricacy, expense, etc.

The expectation of secure, self-ruling MI intervention [74] with skill-substituted tactile and
visual abilities, altogether with “staff in the loop”, was a past dream and turn into realizable thru
today digital intelligence. Thus, in addition to patient well-being, staff ease and MI benefits, the
expected accurate positioning and visual ability could be valuably achieved by reliable interventional
robotic procedure assisted by imaging scanners. Actually, such image-assisted robotic intervention
looks to be an obvious descending of laparoscopic and robotic interventions alongside an evident
skill augmentation plus surgeon embracing a further easy posture during whole intervention
[17,18,75,76]. Moreover, such image-guided robotic interventional procedures are well adapted for
intricate surgeries [77-80] or restricted drugs distributions [81-83], both call for deeds in a
circumscribed area, to safeguard healthy tissues touching the troubled zone.

4.1.2. Interventional Robotic Actuation

The various robotic procedures discussed in the previous section, namely robotic laparoscopy,
computerized robotics, and image-assisted robotics, all require the actuation means necessary for
robotic movements. Different actuator technologies are available, the most common being pneumatic,
hydraulic, EM, and smart actuators such as piezoelectric, shape memory alloy, electroactive polymer,
magnetostrictive, and photomechanical actuators. Their difference lies in the type of energy
conversion into motion. They present different specific characteristics and applications related to the
robotic force, speed, precision, environment, etc.

The different abovementioned interventional robotics can use the most adapted actuation
technology to the nature of the intended intervention related to the displacement resolution,
positioning accuracy, response speed, stiffness, actuation potency, configuration complexity, stroke
flexibility, endurance to EM interference, size scalability, etc.

We have seen in the last section that secure, self-ruling MI intervention with accurate positioning
and visual ability could be valuably accomplished by consistent interventional robotic procedure
assisted by imaging scanners. Such security, in this context, is related to the intervention nature and
duration that closely allied to the scanner technology. For relatively long imaging intervals such as
medical interventions, generally magnetic resonance imaging (MRI) and ultrasound scanners are
employed [77-80]. Note that the robotic tools in this context perform close or inside the scanner.

MRI scanners are progressively more used in surgery and drug administration, primarily due
to their superior ability to distinguish tumors, or affected areas in general, from healthy tissue during
procedures related to tumor removal [84-87] or drug administration [17,18]. Moreover, they can be
used in all tissue categories, unlike ultrasound scanners, which are limited to body parts devoid of
air and bone.

As mentioned earlier, piezoelectric actuation, in addition to the specific requirements of robotics,
have resolution above the nanometer scale, rapid responsiveness, and invulnerability to EM
interference, thus surpassing their counterparts in the smart actuation category, as well as common
pneumatic, hydraulic, and EM actuations. These characteristics are perfectly compatible with MRI
scanners, as well as ultrasound scanners.

It is worth noting that the different robotic procedures using piezoelectric materials, depending
on the intended medical application, can be divided into two categories: robotic structures actuated
directly by incorporated piezoelectric materials and robotic joints actuated by converting
piezoelectric deformation into indirect displacement. In fact, the first category corresponds to
traveling wave beams and plates, generally used in miniaturized form in applications involving
precise and controlled displacements of small masses on a surface or other medium in general
[5,28,29,36] or liquids in pipes such as mini- or micro-pumps [4,30,31]. These robots are generally
used in precision processes that require repeatability, reliability, high load capacity, greater range of
motion and smooth displacement, see sections 2 and 5.2. Figure 6 shows the functioning principal of
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a TW piezoelectric mini-pump delivering accurate controlled liquid. Figure 7 illustrates a prototype
constituents of the mini-pump of Figure 6, [4].

Vibrating beam
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Figure 7. Structural prototype elements of a fluid controlled delivery TW mini-pump, [4].

Additionally, the second category uses techniques such as repetition and/or stepping allowing
larger strokes and higher degrees of freedom (DOF) [32], including stepper actuators [8,33] and
ultrasonic actuators [27], which are particularly suitable for medical interventions as will be shown
in the next section.

4.1.3. MRI-Assisted Robotic Actuation

As mentioned in the previous section, MRI scanners require an environment immune to EM
interference to operate. This includes protection from exposure to external EM fields (EMFs) and the
exclusion of EMF-sensitive materials in the scanner scaffold. Without these mandatory precautions,
serious disturbances would alter the image [17,18]. Thus, robotic machines, housed in the scaffold
near the involved body tissues, should generally be MRI-compatible, i.e., free of materials sensitive
to EMFs, for example, magnetic or massive conductive. Most robotic mechanisms, including
interventional tools and structures, can be constructed with MRI-compatible materials. Regarding
robotic actuation tasks, few actuators of acceptable performance offer such compatibility, such as
pneumatic and piezoelectric actuators. As mentioned previously, the latter outperform in several
respects, particularly in terms of responsiveness [17,18,75,76].

Actuation piezoelectric machineries reflecting MRI-compatibility come in different styles of
configuration, composition, construction and use [88,89]. Different examples could be found in the
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literature e.g. for stepping actuation [8,33], stick-slip multi DOF [32] with flexure hinge and bionic
imitating body movement actuations [90-92], for ultrasonic [27] standing wave miniature linear and
multidimensional motion actuators [93-95]. As well, cases of piezo robotic hand for micro to macro
motion manipulation and adaptive miniature piezoelectric robots are given in [1,96-98] and micro-
motion robotic surgery tool and image-based biopsy using OCT control are given in [99,100].
Concerning the role of robotics in image-guided interventions and robotics in healthcare in general
see e.g. [101,102].

Figure 8 summarizes schematically the above conclusions relative to scanner and robotic
actuating means in an image-assisted robotic intervention.

Image-assisted interventions
using actuated robotics

|

Scanner Actuator
(Security) {Accuracy)
Non-ionizing, Restricted Smartness, Positioning,
zone, All tissues Response, Stiffness,
Potency, EM immunity,
Scalahility
MRI Piezoelectric

MI, safe, precise, autonomous intervention

Patient well-being and staff ease

Figure 8. Summarized selection strategies relative to scanner and robotic actuating means in an image-assisted

robotic intervention.

4.2. Structural Sensing and Monitoring of Healthcare Wearable Tools

Wearable healthcare tools that are body close or integrated, generally correspond to portable,
removable, or incorporated. They can perform passive or focused duties engaged in body tissues.
Such tasks are related to sensing or assisting activities.

Sensing activity includes detection [103-105], diagnostic [106,107], monitoring [108-110], and
control [111,112] involved in e.g. diagnosis support, health monitoring and prognosis, heart rate
monitoring, respiratory monitoring, measurement of blood pressure, personalized pain medicine,
etc.

Assisting activity comprises stimulating, as pacemaker and defibrillator [113], drug release, as.
implanted delivery devices [114], monitoring, as implants in spinal cord and head [115,116], and
assisting, as cardiac devices assisting blood continuous-flow [117], and MRI-guided robot-assisted
surgery and interventions [17,78].

These two activities could be distinctive or networked and autonomous or remotely steered and
perform continuously in real-time. In addition to tasks of surveillance, forecast, maintenance,
stimulation, etc., of wearable tools, these allow the administration of post-treatment situations after
preceding syndromes. Thus, by-passing relocations, transpositions, transfers, etc., replacing face-to-
face treatment with an incorporated joined watch over line of attack.

Sensing duties use portable pressure sensors reflecting non-invasive, real-time and
uninterrupted supervising of health vital indications. They permit healthcare staff to collect
consistent precise information. By monitoring pressure, several biological issues, for instance wrist
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pulse, heart rate, and joint and muscle goings-on, can be evaluated. Potable pressure sensors present
the benefit of permitting patients to carry out their everyday deeds while staying monitored. As
before mentioned piezoelectric pressure sensors possess high sensitivity, and large linear response,
making them faultless for several wide-ranging pressure-sensing requests. For instance in accurate
wrist pulse signal acquisition [41], assessment of Parkinson’s tremor [42], and robot-assisted MI
surgeries [43,44].

Assisting duties are MI and use as mentioned before, in addition to sensor control, actuating
means. As stated above they could be, tissues integrated for health upkeep and stimulation of divers
body parts, or tissues enclosing for image-assisted medical interventions. Both tissues integrated and
enclosing devices are robotically based that can use respectively directly piezoelectric patches, e.g.
[4,5,28-31] or indirectly actuated by piezoelectric actuators, e.g. [8,27,33]. Such activity has been
largely developed in the last section 4.1. “Robotic Actuation for Medical Interventions”.

5. Discussion

In the analyses concerned in the preceding sections, a number of points merit further discussion:

5.1. Advantages and Limitations of Piezoelectric Sensors and Actuators

The recent progression of piezoelectric sensors and actuators (in general and for medical
applications) is related, to the ground-breaking materials with enhanced assets as augmented
stability, endurance and electric behavior, and to cutting-edge manufacturing techniques as
nanotechnology that allowed the development of e.g. nanogenerators permitting the conversion of
mechanical vibrations at low-frequency to electrical output.

In the instance of the above discussed wearable sensing, soft pliable materials as PVDF
(polyvinylidene fluoride) and flexible piezoelectric composites (FPC) permitted efficient, heath
supervision in real-time, movement sensing and biomechanical motion harvesting, all possibly
integrated in intelligent fabrics [16,118]. Moreover, they have encouraging projections in addition to
wearable devices, in biology, aerospace, electromechanical, etc. [119].

In the case of an efficient precision actuator, thanks to an innovative laser processing
manufacturing technique, high-frequency vibration control has been made possible [120].

Regarding the limitations of piezoelectric sensors and actuators, these are mainly related to
functional and material behaviors.

For instance, in the case of wearable sensing tools piezo materials tackles a balance out of
structural elasticity next to electric yield. For example PVDF present good compliance but weak
piezoelectric modulus paralleled to inflexible ceramics, which are easily broken and hence unreliable
for dynamically wearables. As well, endurance under repetitive mechanical pressure poses further
defies [19]. Additionally, ceramics such as PZT (Lead Zirconate Titanate) contain Lead (Pb), which
poses additional issues related to section 5.6.2 on biocompatibility, biodegradability, and non-
toxicity.

5.2. Piezoelectric Microrobots and Bio-Inspired Concept

Piezoelectric actuation is ideally suited for control techniques for executing movements using
miniaturized configurations. Microactuators thus play a key role in micromachining technology and
in exploring or modifying the microscopic world, with objects ranging from cells to molecules. These
microscopic entities can be maneuvered by interacting with a microrobot, or a high-precision
macrorobot combined with a suitable end effector. Microrobots are particularly suitable, due to their
lightness and flexibility, for biological and medical fields, for example drug distribution and disease
diagnosis.

Piezoelectric microrobots are potentially adapted to perform in difficult atmospheres, for
instance inside the human body. Another peculiarity lies in their execution often based on bio-
inspired concepts. For example, a robot with a thin and flexible plate structure actuated by specifically
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located fixed piezoelectric patches [5,29] can illustrate movements of crawling on the surface, flying
in the air or swimming in water. Different instances of bioinspired robotic actuation could found in
literature, multilegged piezoelectric robot [121], earthworms [122], rhinoceros beetle [123],
grasshopper [124], rotatory galloping gait [125], squirrel’s galloping gait [126], octopus-crawling
[127], and untethered levitation [128].

5.3. Piezoelectric Multifunctional Deeds and Flexible Wearable Tools

Piezoelectric materials exhibit direct (sensing) and inverse (actuating) conversions as stated
before. Such electromechanical two-way conversion is not limited to piezoelectricity, but
piezoelectric materials matched to their competitors displaying such conversion, present towering
electromechanical effectiveness and notable scalability, consenting for miniaturization. Thus, they are
broadly employed in sensing, actuating, or integrated [129].

Along with sensing and actuating, in wearable devices for example, energy harvesting generated
by humans movement activities can be realized by piezoelectric flexible materials (PFM) devices well
adapted for great deformations [130].

A Multifunctional tool is normally able to integrate different tasks on its own component. Such
amalgamation can guide to further compacted outcome. The natural multifunctional integration
regards the sensing and harvesting tasks resulting in a self-driven sensor. Figure 9 shows schematics
of multifunctional piezoelectric device involving sensing and harvesting functions following
mechanical to electrical conversion and inversely for actuating function.

Mechanical | Electrical

Sensing / Harvesting

Force

Deformation @

Vibration
hotion

Speed

Figure 9. Schematics of multifunctional piezoelectric device involving sensing and harvesting functions as well

as actuating function.

5.3.1. Wearable Tools and Flexibility

As abovementioned, structural flexibility plays a significant role in wearable tools, which are
generally miniature and weightless to come across portable nature. This flexibility concern not only
PFM but also neighboring support sheets and electrode matters, thus providing a reliable
multifunctional flexible piezoelectric tool. Such wearable flexibility well reflects the adaptation to
dynamic movements of humans [130].

Energy harvesting in wearable devices can involve e.g., heart rate [131,132], respiration
[133,134], pulse [135], until deformation within the gastric cavity [136].

5.3.2. PFM Main Categories

PFM can be obtained through polymers [137,138] composites [139,140] and inorganic thin films
[141,142]. These three categories of PFM own mutually belongings of flexibility and piezoelectric but
their performing features display substantial distinctions. The full flexible by nature are organic
polymers however possess the lowermost piezoelectric belongings; inorganic thin films hold the best
belongings of crystalline piezoelectric thin layer however are physically more brittle; composites that
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are a crystal-polymer blend have behavior that falls somewhere between these two former, where
flexibility and piezoelectric properties can be adjusted by structural design or blend ratios. These
distinctive performance characteristics suggest the operational adaptability of each PFM in specific
situations. For example, organic PFM polymers may be more suitable for motion management on
complex surfaces or substrates, while inorganic PFMs meet higher sensitivity requirements. Also,
thin-film or composite PFMs meet better actuation and energy harvesting requirements.

5.4. Endurance of Piezoelectric Medical Devices to EM Interference

The operation of various medical instruments can be disrupted by EM interference. This can be
caused by external EMF radiation on the instrument or by the inclusion, attachment, or insertion of
objects sensitive to EMFs, due to their effects on the instrument's own fields, as for example the case
of MRI scanners [17]. Moreover, such interference could be produced by a combined EMF radiation
and presence of EMF-sensitive matters in the tool structure, as for instance the case of wearable tools
[143]. In both cases, the use of actuation or sensing devices incorporating materials with reliable
resistance to EM interference is recommended. Piezoelectric materials used in MRI-assisted medical
procedures (see section 4.1.3.), whether in microrobotics or for the actuation of robotic interventions,
as well as for the detection of portable tools, offer a dependable solution in this context. These
actuation or detection devices are mainly made, as mentioned above, of dielectric piezoelectric
materials insensitive to EMFs, but furnished with thin conductors allowing their electrical
conversion. These electrodes, even their theoretical sensitivity to EMFs, their skinny nature and the
possibility of their structural adjustment [17] make it possible to largely alleviate their effects. In fact,
the importance of the eddy currents induced in these conductors and responsible for the
disturbances, depends on the surface of the conductor perpendicular to the field concerned, so if the
orientation of the device is such that such a surface corresponds to the trivial thickness of the
electrode, there would be no problem.

Verification of the immunity of a piezoelectric device to EM interference, when necessary, can
be carried out by an EM compatibility (EMC) analysis, see for example [144]. In general, such
immunity exists when the EMF distribution in the host application (MRI scaffold field or wearable
sensing tool radiated field) involving the piezoelectric device would be the same with and without
the device (see e.g. Figures 8 and 9 in [17]).

5.5. Digital Monitoring of MRI-Assisted Robotic Interventions

As mentioned earlier, a safe and autonomous MI intervention, with precise positioning and
good visual capability, could be efficiently performed by a consistent interventional robotic
procedure, assisted by imaging scanners, and actuated by adequate positioning device. Moreover,
for relatively long intervention intervals and better ability to distinguish affected areas from healthy
tissues, MRI assistance would be suitable for procedures related to tumor ablation or drug delivery
in all tissue categories. Additionally, robotic components, including actuation devices in such an
MRI-assisted procedure, would be immune to EM interference, favoring the choice of piezoelectric
devices known for their precise positioning.

5.5.1. Closed-Loop Controlled MRI-Assisted Autonomous Scenery

Actually, the patient security is linked to the therapeutic limitation attribute to the upset area,
which mainly depends on actuation accuracy of the interventional device and its space positioning.
Thus, a cooperative arrangement including the MRI scanner, interventional tool, location and duties
handing out, robotic actuation and control alongside the imaged restricted troubled zone, all
performing in a closed-loop controlled autonomous procedure as exemplified in Figure 10.
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Figure 10. Schematics of closed-loop controlled autonomous cooperative procedure including the MRI scanner,
interventional tool, location and duties handing out, robotic actuation and control alongside the imaged

restricted troubled zone.

The involved accuracy in this control procedure would be fashioned by different defeating
issues comprising the complexity level of its interacting components, their linked uncertainty
features, unforeseen exterior threat events, together with MRI-compatibility issue related to robotic
immunity to EM interference including piezoelectric actuating device. Only by managing such
potentially tormenting problems would reliable performance be achieved.

5.5.2. Digital Twin Administration of MRI-Assisted Interventions

The depreciation of the menacing distresses together with the respect of particular personalized
data are necessary for truthful operational MRI-assisted controlled procedure. Such intentions might
be achieved by supervising the implicated parameters in a corresponding real-virtual couple by way
of a digital twin (DT) implement [145].

A DT consists of a physical element, a virtual picture of that element, and a quasi-real-time, two-
way data flow between those two elements. In other words, a DT is considered as an integration of
information into a real-life experiment and its digital copy, thus forming a pair of bidirectional
routines. This methodology is performed in the administration of intricacy in controlled processes
[146] and organized as a real-virtual couple permitting self- adapting deeds. Hence, the pair real part
distributes treated detected information to its virtual part, however the latter conveys control
instructions to the real part. Such self-adaptation corresponding assists, in addition to complexity
monitoring, decrease uncertainties within the pair and unforeseen hazard in the perturbing dynamics
of MRI-assisted robotic control.

It is worth noting that DT concept has been progressively proposed recently in healthcare,
nursing and extended administration of commotion; see e.g. reviews illuminating therapies,
supervising, and administrations [147-152].

A comprehensive DT administration of an MRI-assisted robotic control through exchanges
between its real-virtual wings, involves the delivery of sensed treated data by the real wing, which is
paralleled and adapted by, exterior Internet of Things “IoT” information as well as the historical
learnt data. The result, after a data analysis form training, is transferred, together with a suitable
proposal of model reduction, to the DT virtual wing. In fact, a rapid matching among the DT wings
dictates a realistic model however with short computation interval. Consequently, the complete
model, which truthfully characterizes the real process, would be abridged, permitting restrained
execution time but conserving the representation of the physical process. Figure 11 shows the
topographies of a monitoring DT of an MRI-guided robotic intervention. This DT monitoring can be

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0159.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2025 d0i:10.20944/preprints202510.0159.v1

15 of 27

exploited for training of medical personal, forecasts by means of real phantoms along with their
digital replicas, or a physical patient-virtual model, containing self-decision matching plus staff “in
the loop”. It should be noted that the DT concept is also applicable to the monitoring of industrial
robotic procedures, including piezoelectric actuations [145].

Real complex Virtual model
procedure:
(MRI-guided
intervention) Matching / Processing Coupled complete
model
Compound functional External (InT) /
phenomena Histu.ri!:al learned / Reduced or
it =Gt | surrogate model
MRI-compatibility and Uncertainties reduction
personalized data Reduced computing time EMC e_md para_meters
Accidental selection digital routines
perturbations
Sensing uncertainty Digital uncertainty

Figure 11. Summarized topographies of a monitoring DT of an MRI-guided robotic intervention.

5.5.3. Digital Augmented DT in MRI-Assisted Interventions

The abovementioned involvement of staff associated with robotics permits a cutting-edge MRI-
guided monitoring of medical interventions, therefore decreasing the patient risk and guaranteeing
a dependable end for staff [153-155]. Furthermore, artificial intelligence (AI) practices in these
treatments support reduce the data acquisition and post-processing complexities and to accomplish
repeated scheduled training duties [156,157]. Additionally, the intervention can be meaningfully
enhanced via extended staff-robot links, progressing the whole organization across augmented
reality (AR)-supported robotic activities. Hence, AR joint to an MRI can diminish intricate
interventional risks, for instance tissue injury, bleeding, and distress post-interventional. Moreover,
DTs can execute a significant task in AR-aided interventional robotic. Therefore, the likely disorder
origin and its cure deed can be precisely recognized through personal patient examination via deep
learning databanks. Likewise, a number of further profits of fused AR-DT are linked to enhanced
suturing precision, fastening, and repairing paralleled to manual jobs [158-162].

DT practice is share of digital treatment and is commonly utilized in personalized medical
therapies that can be malady nursing and recognition, tutoring, or interventions. DTs are frequently
connected, in addition to Al and AR tools, with virtual reality (VR), for instance, VR training advances
the skill to reproduce daily training circumstances with the facility to correctly measure performance.
Also, the preparation of DTs permits staff to perceive the disorders development and adjust cure
strategies, choosing the best appropriate therapy. Such preparation in personalized scheduling
supports progress early diagnosis and search novel cures or interventions [163,164]. It should be
noted that such digital treatment participates in effect to the high-reliability precision of medical
therapies allowing for patient security and staff ease.

5.6. Future Research Perspectives on Piezoelectric Implications in the Medical Field

This section is devoted to possible future perspectives of the involvement of piezoelectric devices
in medical applications and particularly in robotic interventions and wearable tools investigated in
this paper. When evaluating such involvement we refer to piezoelectric materials, their device
structures, their intended requests and their specific performing. The main features include
piezoelectric performance, structure flexibility, multifunctional behavior, adaptation form-request,
embedded biocompatibility and biodegradability [165-167].
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5.6.1. Wearable and Implantable Medical Tools

An important goal in wearable and implantable tools in general is to focus, via technological
deeds, on improving both structure flexibility and piezoelectric performing as well as
biocompatibility in case of embedded concerns. These allow multifunctional, miniaturized, less
energy intake, and more safe involvements. Moreover, in implanted tools, actuating and harvesting
duties would be possible by the incorporation of energy storage means.

5.6.2. Biocompatibility, Biodegradability, Non-toxicity, and Piezoelectric Biomaterials

In many medical applications, supervision, monitoring, or intervention tasks are performed
within or near living tissues. Most of these tasks impose biocompatibility and non-toxicity, and in
some cases, biodegradability. Furthermore, the presence of natural piezoelectric effects in several
parts of the body, such as bones, tendons, skin, and other tissues, highlights the potential of
biomaterials in biomedicine to improve or substitute biological tasks [168]. Thus, biosecurity,
biocompatibility, non-toxicity, and the absence of immune rejection are guaranteed. Augmented
medicine and sustainable evolution related to human requests [169,170] put forward the exploration
of piezoelectric biomaterials in medical applications.

5.6.3. Dependable Self-Moving Miniature Robots

Incessant developments in fabricating and assembling strategies have led to improvements in
autonomous (self-moving) robots, including different forms (beam, plate, rod, conduit, etc.) with a
piezoelectric actuation systems (bonded, embedded, loaded, etc.). The bonded form, favored by
flexible, and widely available mechanical designs, has generated a high demand for precision tools,
especially in medical robotics. Potential explorations of miniature robotics in this context are possible,
including e.g. increased degrees of freedom, transport and positioning capabilities [171], extended
torque and speed range [172], large working stroke and thrust force [173], millisecond-scale response
time, millinewton output force, high-speed operation, and sub-micrometer-level resolution [174], and
centimeter-scale reconfigurable robots [175].

5.6.4. MRI-Compatibility in Image-Guided Robotic Interventions

As mentioned previously, in addition to the intrinsic benefits of image-assisted robotic
interventions (closed-loop control procedure), related to patient and staff comfort, MRI and robots
each have their own advantages. MRI allows for better distinction between affected areas and healthy
tissue during tumor ablation or drug administration in all tissue categories, and exhibits non-ionizing
behavior ensuring patient safety over relatively long intervention intervals. Robotic action reflects
precise movement and positioning directly related to its actuation device. The combination of MRI
and robots requires robotic components immune to EM interference (MRI compatibility).
Piezoelectric actuation devices perfectly provide this precision and EM immunity [17,18,78].

The issue of MRI-compatibility generally concerns body embedded devices as implants and near
body instruments as all robotic components, and its deficiencies can lead to image artifacts that
compromise the outcome of the procedure. Further research on MRI-compatible materials and
structural features, including piezoelectric devices, remains necessary, see e.g. [176,177]. Furthermore,
since image artifacts are generally unavoidable, see e.g. [178], their assessment is important for image
analysis and the adoption of a fitting correction strategy, based on body pre-scans, scan parameters,
and shimming. Further research on artifact correction methods, image processing techniques, and
scanning routines assisted by digital monitoring strategies are needed (see Section 5.5.3).

6. Conclusions

The present contribution analyzed and emphasized the possibilities of piezoelectric strategies in
precision duties and their involvement in health field. The paper outcomes underlined the potentials
of such strategies in medical interventional procedures and monitoring of wearable healthcare tools.
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The high-reliability precision medical procedures in question have been shown to be associated with
improved patient safety and staff easiness.

In interventional tasks, the article illustrated the role of piezoelectric robotic actuation involving
precise control of displacement and positioning. Moreover, the interventional commission performed
by miniaturized piezoelectric robots, based on bio-inspired concepts, was shown to be potentially
suitable for operation inside the human body. Both tasks exhibit accurate MI interventions that can
be surgery or implanted drug delivery.

Regarding wearable health tools, the article highlighted the interest of flexible piezoelectric
materials in miniaturized monitoring tools involving sensing, actuation, and energy harvesting.
These tools provide, non-invasive, real-time, and uninterrupted monitoring of vital indications, as
well as, assisting functions MI using actuation means in addition to sensor control.

Different perspectives for future research on piezoelectric implications in the medical field
suggest further investigations on (see details in discussion Section 5.6.):

e Wearable and implantable medical tools,

e  Biocompatibility, biodegradability, non-toxicity, and piezoelectric biomaterials,
e Dependable self-moving miniature robots, and

e  MRI-compatibility in image-guided robotic interventions.
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