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Preface

Actuation technologies form the critical bridge between control decisions and physical

action, and their importance continues to grow as engineering systems evolve toward higher

levels of autonomy, intelligence, and integration. As emphasized in the introductory article

of this Reprint, actuators are no longer viewed as isolated hardware elements but as essential

components of complex, interconnected systems required to operate reliably in uncertain and

dynamic environments.

This Reprint is devoted to the control and design of next-generation actuators, with a focus

on emerging concepts that combine advanced materials, innovative architectures, and intelligent

control strategies. Its scope spans fundamental developments and applied research, including new

actuator materials, miniaturized and micro-scale devices, precision measurement and performance

assessment, as well as applications in robotics, manufacturing, transportation, and biomedical

systems. Particular attention is given to the integration of actuators within modern control

frameworks, where adaptability, robustness, and real-time responsiveness are key requirements.

The motivation behind this Reprint arises from the rapid and interdisciplinary progress in

actuation technologies. Advances in materials science, sensing, and computation, together with

breakthroughs in control theory and system integration, are reshaping how actuators are designed

and utilized. These developments call for a unified platform that captures current achievements

while also addressing the challenges associated with reliability, scalability, and intelligent operation

in complex environments.

The aim of this Reprint is to provide a comprehensive and coherent collection of contributions

that reflect the state of the art and emerging directions in actuator research. It seeks to foster a deeper

understanding of the interplay between physical design and control, and to promote innovative

solutions that meet the demands of modern engineering applications.

This Reprint is addressed to researchers, engineers, and practitioners working in control systems,

mechanical and electrical engineering, materials science, and related disciplines. It is particularly

intended for those engaged in the design and control of advanced actuation systems, as well as for

readers interested in interdisciplinary approaches to next-generation engineering technologies.

We hope that this Reprint will serve as both a valuable reference and a source of inspiration,

supporting continued advances in the control and design of intelligent, high-performance actuators.

Paolo Mercorelli

Guest Editor
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Editorial

Actuator Technologies and Control: Materials, Devices
and Applications

Paolo Mercorelli

Institute for Production Technology and Systems (IPTS), Leuphana Universität Lüneburg, 21335 Lüneburg,
Germany; paolo.mercorelli@leuphana.de

1. Motivation and Technical Context

Actuation technologies lie at the heart of modern engineering systems, providing the
means by which computational intelligence and control decisions are translated into pur-
poseful physical action. As technological systems increasingly move toward higher levels
of autonomy, connectivity, and functional integration, the role of actuators is undergoing a
profound transformation. No longer viewed as isolated hardware components, actuators
are now integral elements of complex, intelligent systems, required to operate reliably and
efficiently while interacting with uncertain environments, humans, and other machines.

This evolution is driven by growing expectations for adaptability, robustness, and per-
formance across diverse application domains, including robotics, transportation, manufac-
turing, healthcare, and cyber–physical infrastructures. Advances in sensing, control theory,
materials, and system integration are converging to enable actuators that can adjust their
behavior in real time, compensate for disturbances and uncertainties, and seamlessly coop-
erate with higher-level decision-making frameworks. As a result, actuation research has
become inherently interdisciplinary, bridging traditional boundaries between mechanical
design, electronics, control, computation, and application-specific requirements.

A central pillar of this transformation is the development of advanced modeling and
control methodologies for smart material and precision actuators. Smart material-based
systems, such as piezoelectric, magnetostrictive, and shape memory actuators, offer high
bandwidth and compact form factors yet present significant nonlinearities and hysteresis
effects that complicate control design. Smith, in [1], highlights the fundamental modeling
and control challenges associated with smart material actuation, emphasizing the need for
accurate constitutive models and robust compensation strategies. In the domain of micro-
scale actuation, Kanchan et al. [2] provide a comprehensive review of piezoelectric micro-
actuators, detailing their design principles, dynamic characteristics, and control approaches,
which are essential for applications in micro-manipulation and precision engineering.

Precision actuation systems, particularly those employed in high-performance posi-
tioning and manufacturing processes, must operate under stringent accuracy requirements
despite disturbances and parameter variations. Disturbance observer-based control tech-
niques have emerged as powerful tools for enhancing robustness and disturbance rejection,
as discussed by Kim et al. [3]. Such approaches are increasingly complemented by data-
driven and learning-based strategies. In [4], Li et al. explore data-driven control methods
for intelligent actuator systems, demonstrating how machine learning and real-time data an-
alytics can enhance adaptability and performance in complex and uncertain environments.
In particular, this study proposes a data-driven modeling method for nonlinear factors.

As actuators become embedded within networked and cyber–physical systems, re-
silience and security considerations gain prominence. Network-induced delays, packet

Actuators 2026, 15, 218 https://doi.org/10.3390/act15040218
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losses, and potential cyber threats pose significant challenges to stable and reliable op-
eration. Jiao et al, in [5] address foam-based soft actuators are lightweight and highly
compressible, which make them an attractive option for soft robotics In this context, Go-
rial, in [6], review and discuss smart actuation solutions. In fact, recent advances in
series elastic actuator (SEA) research have focused on improving both mechanical design
and control strategies to enhance compliance, robustness, and interaction performance
in robotic systems. In [7], Sariyildiz et al. proposed a novel variable stiffness SEA that
integrates an adjustable stiffness mechanism with a dedicated control framework to achieve
improved force and position tracking. The design enables adaptability to varying task
requirements and enhances safety in human–robot interaction by allowing modulation of
the actuator stiffness.

Beyond mechanical design improvements, several studies have focused on advanced
control methods to address the dynamic challenges introduced by actuator elasticity. For
instance, ref. [8] introduced a robust elastic structure-preserving control approach aimed
at achieving high impedance rendering while maintaining the intrinsic elastic properties
of SEAs. By explicitly preserving the actuator’s elastic dynamics, the proposed method
improves robustness against disturbances and modeling uncertainties.

Adaptive control techniques have also been investigated to handle parameter varia-
tions and resonance phenomena in compliant actuators. In [9], an L1 adaptive resonance
ratio control strategy was developed to guarantee fast transient performance while mit-
igating resonance effects. The controller demonstrates improved tracking accuracy and
robustness under uncertain system parameters.

Finally, disturbance rejection remains a critical challenge in SEA systems operating in
dynamic environments. To address this, ref. [10] proposed a robust motion control archi-
tecture that separates resonance suppression from robustness compensation, improving
disturbance rejection while maintaining stable actuator behavior during interaction tasks.

Another major trend concerns safe and compliant interaction between actuators and
humans. In collaborative robotics and assistive technologies, actuators must balance
performance with safety and adaptability. Variable stiffness actuators (VSAs) have emerged
as a promising solution, enabling modulation of mechanical impedance to achieve both
precision and safe interaction. Reference [11], by Agostini et al., investigates energy
efficiency and dynamic behavior through simulation and experiments of a compact electro-
hydrostatic actuator system consisting of an electric motor, external gear pump/motors,
hydraulic accumulator, and differential cylinder.

Within this broader and rapidly evolving context, the ten papers, assembled in this
Special Issue, present representative and timely contributions that capture the current
momentum of the field. The works span advanced control and optimization methodologies,
resilient and secure actuation in networked systems, innovative and compliant actuator
concepts, precision actuation technologies, and application-oriented sensing and actuation
solutions. Together, these contributions not only reflect the state of the art in actuation
research, but also point toward future directions in which actuators will play an increasingly
central role in enabling intelligent, reliable, and adaptable engineering systems.

2. Contributions of the Special Issue

A major theme of this Special Issue is the development of advanced control and
optimization strategies for electric drive systems. In review paper [12], Santos et al. provide
a systematic review of smart insole prototypes incorporating artificial intelligence and
wireless communication, underscoring the growing role of actuator and sensor technologies
in biomechanics and healthcare applications.

https://doi.org/10.3390/act15040218
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In [13], Jiang et al. propose a torque oscillation attenuation method for permanent
magnet synchronous motors based on sliding-mode control combined with an equivalent
input disturbance approach, enhanced through continuous-domain ant colony optimiza-
tion. Complementing this contribution, Kethiri et al. address efficiency optimization in
BLDC motor drives through adaptive flux control strategies based on incremental conduc-
tance and fuzzy logic, demonstrating significant reductions in power losses under varying
operating conditions [14].

Robustness and reliability are further explored in the context of cyber–physical systems
and industrial robotics. Hassine et al. [15] introduce an event-triggered observer-based
control framework that enhances resilience against Markovian cyberattacks, including
denial-of-service and false data injection attacks, while reducing communication load.
In parallel, Boldsaikhan and Birney present an optimal real-time toolpath planning method
for industrial robots equipped with sparse sensing, enabling accurate adaptation to un-
known surface variations with limited sensing and computational resources [16].

Accurate modeling and experimental characterization of actuators remain essential
for control design and system integration. Abouseda et al. present in [17] an experimental
study on a BLDC motor using system identification techniques to capture its dynamic
behavior under fixed load torque and variable speed conditions, while also evaluating
efficiency and battery state-of-charge effects.

Beyond traditional electric drives, several papers focus on novel actuator concepts and
compliant mechanisms. Els et al. investigate the design of fluid elastomeric actuators for
soft robotic end-effectors, emphasizing FEM-based optimization and application-specific
design guidelines [18]. Xu et al. introduce in [19] a lightweight twisted string actuator
with continuously variable transmission that automatically adapts its transmission ratio
in response to external loads, demonstrating strong potential for robotic and wearable
applications. Razek and Bernard provide a comprehensive review of piezoelectric actuators
and sensors, highlighting their high precision and reliability in medical therapeutics, robotic
interventions, and structural sensing [20].

The importance of application-driven actuation and sensing systems is illustrated
in [21] by Craig and Ahmadian, who present the design and prototyping of a deployable
actuation system for railcar-mounted sensors intended for automated railway inspection.
In summary, the contributions in this Special Issue highlight the interdisciplinary nature
of contemporary actuation research, spanning advanced control, optimization, modeling,
emerging actuator technologies, and real-world applications. Together, these works provide
valuable insights and directions for the development of efficient, resilient, and intelligent
actuation systems.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.
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Potential of Piezoelectric Actuation and Sensing in High
Reliability Precision Mechanisms and Their Applications
in Medical Therapeutics

Adel Razek * and Yves Bernard

Group of Electrical Engineering—Paris (GeePs), CNRS, University of Paris-Saclay and Sorbonne University,
F91190 Gif sur Yvette, France; yves.bernard@centralesupelec.fr
* Correspondence: adel.razek@centralesupelec.fr

Abstract: The present contribution aims to analyze and highlight the potential of piezoelec-
tric materials in actuation and sensing duties, obtaining reliable high-precision outcomes
in cutting-edge applications including medical interventions. This involves high-precision
actuations of robotized procedures, as well as monitoring and controlling various phys-
ical phenomena via structural sensing. The characteristics of these applications offer
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 posi-
tioning strategies, piezoelectric sensors, medical applications of piezoelectric actuators and
sensors, including robotic actuation for medical interventions, and structural sensing in
the monitoring of wearable healthcare 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 the monitoring of healthcare wearable tools,
and the 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 machinery, etc. Such duties can be
accomplished by means of actuators exhibiting high degrees of displacement resolution
and positioning accuracy along with swift responses, high stiffness and actuation potency,
simple configuration, flexible stroke, endurance to electromagnetic (EM) interference, and
scalable arrangements with unimportant sizes. On the other hand, the accurate sensing
of different quantities can play a significant role in such advanced tools, particularly for
monitoring and controlling various structural and physical occurrences. Actuators and
sensors utilizing piezoelectric materials are on-track contenders for such features [1–8]. Ac-
tuators can be incorporated for movement and/or positioning in energy implements [2,4],
or for setting up self-ruling robots [1,5]. Such actuators operate by 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, which is the inverse effect. The direct effect is operated

Actuators 2025, 14, 528 https://doi.org/10.3390/act14110528
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in structural sensors and energy transducers as well as damping and energy harvesting
systems, while the inverse one is achieved using actuating tools. Such actuating tools can
be exploited by themselves or via an amplified action depending on the actuated strength
application [9–11]. Such amplification displays double-conversion electric–mechanic (in-
verse piezoelectric effect—small displacement) and mechanic–mechanic (displacement
magnifying) structures, typifying the movement fashioned by the amplified actuator.

The recent precision revolution impacted sophisticated innovative industrial processes
and medical therapeutics in both actuation and sensing tasks. Both occurrences are related
to displacement resolution and positioning accuracy, but are mostly involved in robotized
procedures as well as pressure detection. In both industrial and medical domains, piezo-
electric materials can contribute to effectively accomplishing their duties. The industrial
applications involved 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]. In this context, chronologically, the strategies involved were robotized
laparoscopic, computerized robotic, and image-guided robotic interventions [18]. Further-
more, in addition to the important role of piezoelectric materials in sensing and actuation,
their voltage-dependent actuating action allows the performance of energy harvesting and
structural health monitoring. This occurrence fashions piezoelectric sensors and actuators
valuable for monitoring and controlling various physical observable facts, such as vibration,
tremor, position, shift, pressure, deformation, etc. [19,20]. In addition, the more specific
involvement of piezoelectric materials could be found in different recent applications;
for instance, an ultra-high load-to-weight ratio [21] and long-range positioning with a
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 material 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. The 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 from the literature, allowing
a deeper comprehension.

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 displace-
ment and positioning strategies focusing on the analysis of displacement resolution and
positioning accuracy. Section 3 is related 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 and structural sensing in monitoring of healthcare wearable tools.
Section 5 deals with discussions related to details on points from the previous sections, in-
cluding comments on the advantages and limitations of piezoelectric sensors and actuators
as well as research perspectives. Section 6 is devoted to conclusions and a summary of
possible future work.

6



Actuators 2025, 14, 528

2. Piezoelectric Actuators

Topical progresses in technology have resulted in a rapid increase in revolutionary
high-accuracy positioning and directing skills. Piezoelectric actuators exhibit resolution
dominance in the nanometer-range, swift response, and invulnerability to EM interference,
outclassing their pairs, such as magnetostrictive and shape–memory alloy actuators [23–25],
in the uses of precision engineering, movement yield, medical handling, and microfluidics
management. Furthermore, the mechanical scalability and outstanding load aptitude,
make piezoelectric actuators an promising candidate in the fields of automation, robotics,
industrial assessment, healthcare, defense, and aerospace.

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 performance, etc. In
general, from such classifications, 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, accounting 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 mate-
rials [28] in the form of bonded pieces. These are traveling wave (TW) beams and plates which
are generally employed in miniaturized form in applications involving controlled precise
displacements of small masses on a smooth surface or other mediums, 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, like in robotics and automa-
tion as they require great load facility, a higher move span, and soft displacement. Figure 1
shows an example of a TW piezoelectric integrated minirobot 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 minirobot 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 conver-
sion of the piezoelectric material deformation into indirect displacement through complex
configurations using techniques such as repeating and/or stepping, permitting larger
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strokes and higher degrees of freedom [32]. Such a category includes stepping actua-
tors [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 an actuated robotic arm [3].

 

20 cm 

30 cm 

N-310.13 
USR60-E3T 

PAD7220 

Figure 3. Illustration of actuated robotic joints in a prototype of robotic arm actuated by PZM
technologies [3].

Note that piezoelectric materials can be used, in addition to the abovementioned
actuation procedures, 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 the 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,
which is 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 in very long structures. Furthermore, in finite configurations, e.g., beams, the
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TW vibration is partly restored when it hits the edges. The mentioned excitation modes
allow for the circumvention of the wave reflection. In the case of one-mode excitation,
two piezoelectric transducers are placed at each end of the beam, with one acting as an
actuator generating at resonance frequency as the TW, and the other acting as a sensor
permitting the management of vibrations via their active control regulation down the beam
or via electric power dissipation through a passive RL circuit. In the two-mode case, again,
two transducers are placed at each end of the beam but both act as an actuator producing
beam vibration, developing a TW via active control by simultaneously applying in the two
transducers two neighboring beam natural mode shapes at the same frequency but phased
at 90◦. TW and motion direction can be reversed by the 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 the schematics of a piezoelectric TW beam
robot and a prototype of such a beam minirobot [5].

Figure 4. Schematic representation of the shape of a piezoelectric TW beam robot (left) and a
prototype of such a beam minirobot (right) [5].

2.2.2. TW of Piezoelectric Patches Bonded on Thin Structures

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

Small-scale robots utilizing piezoelectric patches or sheets attached on thin structures
are operated for various uses concerning beam and plate structures and generally feature
miniature robots. A significant class of these relates to beam robots that allow linear motion
involving actions of two piezoelectric patches joined on the two beam ends. As discussed
in the previous section, such behaviors can be of actuator–sensor nature or an actuator–
actuator one [36]. In the case of miniature plate robots, they permit movements in different
directions contingent on the 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]. In this figure, an aluminum strip is
equipped with two bonded patches. In the first case, (a), one of the patches creates the
wave, which is absorbed by the second. Different damping techniques can be used. In the
second case, (b), the two patches are powered by a voltage 90◦ out of phase between the
left and right patches.
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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 piezo-
electric 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 scalable arrangement, as well
as endurance to EM interference, piezoelectric materials are often employed in precision
displacement, including integration into other systems where space is limited [40].

Piezoelectric actuators are used in precision motion and vibration control applications.
Hence, they provide position and speed control, high accuracy and repeatability, and
reduced unwanted vibration for smooth, safe, and efficient operation. It should be noted
that the displacement and positioning realized by piezoelectric actuation can be detected
by piezoelectric sensors, as will be shown in the next section. The combination of highly
accurate displacement and positioning actuation and sensing permits reliable robotic man-
agement for procedures involving high degrees of sensitivity in zone-restricted actions, like
in neurosurgery, restricted drug delivery, etc. [17,18]. In reality, the actuation accuracy in a
delimited area can be controlled by sensor detection. Piezoelectric devices allow the detec-
tion, actuation, or integration of two tasks; this operation corresponds to a multifunctional
tool capable of integrating different tasks on its own component (see Section 5.3).

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 are largely used 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, making them perfect for several force-sensing requests. They function
following the principle of direct piezoelectric effect and present a wide-ranging sensing
range, from m. newton to k. newton, satisfying varied uses like in healthcare and medical
interventions [41–44].
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3.2. Structural Integrity Supervising

Structural integrity monitoring is a vital use of piezoelectric sensing in 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 for such supervision since it is particularly sensitive to slight variations in strain.
Such supervision is exploited for the integrity checking of bridges, constructions, and other
edifices for 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 displacement or position changes, which are vital for accurate movement
and distance control in applications such 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 applications promote a novel well-being owing to health-connected
tactics that call attention to safety, comfort, and salutary outcomes. Topical medical ad-
vancements have made it possible to determine the sources of many illnesses and insti-
tute methodologies to handle them from diagnosis by providing therapeutic assistance
and surgical interventions. The efficacy of these treatments is directly connected to the
abovementioned patient’s health-linked tactics, which suggest that procedures should be
minimally invasive (MI) and accurately supervised.

Two main therapeutic categories in this context call for piezoelectric actuators and
sensors, namely robotic actuation for medical interventions and structural sensing in the
monitoring of healthcare wearable tools. Moreover, as mentioned before, some other
therapeutics directly use piezoelectric materials, 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 by converting the deformation of piezoelectric materials into
indirect displacement, which can be used in medical interventions. Directly actuated self-
propelled miniature robotic structures will be discussed in Sections 5.2 and 5.7.3. Actuated
robotic joints for medical interventions are detailed in the following paragraphs.

4.1.1. Robotic Medical Interventions

Recently, medical interventional procedures have resulted in fast-developing special-
ties wherever groundbreaking expertise are rapidly introduced and disseminated across
diverse surgical fields and skillsets. In addition, interventional approaches have advanced
significantly and are constantly improving through open, laparoscopic, and robotic inter-
ventions. Progress in practiced medical procedures have generated numerous benefits to
patients. Alternatively, procedural intricacy has augmented, and the responsibilities of
surgeons have altered considerably; see, for example, [55].
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From the time the first surgery was performed, the open practice has usually been
exercised to “see fully” and is still utilized today in circumstances associated with intricate
frameworks 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 pro-
cedure due to the various advantages it offers to patients through the MI technique [56,57].
The MI technique has transformed the approach to specific zones of the body by delivering
an enlarged view through using a small camera and a light on the end of a miniscule
instrument [58,59]. Furthermore, the laparoscopic technique is associated with abridged
postoperative pain and quicker recovery, allowing for shorter clinical periods [58–60].
Moreover, it grants significant profits. For instance, it allows for better aesthetics of lesions
and a reduced threat of impediment [58] and can play a specific role in diagnostic la-
paroscopy [61]. Nevertheless, laparoscopic processes exercising lengthened instruments in
addition to 2-D visualization revelations might result in some ergonomic problems during
operation [56,62] and possible increased postoperative risk [63]. A robotic MI laparoscopic
procedure can avoid such problems. In fact, particular processes that are complex or
widespread might require open or more sophisticated robot-supported laparoscopic (for
sew up, and tissue deal in) procedures [64]. Consequently, only a computerized robotic MI
intervention can avoid all of the abovementioned limitations.

In the case of computerized robotics, interventional ingenuity and ergonomics are en-
hanced due to 3-D vision, robotically amplified degree of freedom, contributing to broader
growth in MI intervention practices, e.g., [65–67]. The practice of robotic intervention has
progressed from minimal inert actions for instrument withdrawal, or occupying machines such
as rail-fixed implements or camera directing, to dynamic robotic arrangements whose move-
ment extent of mechanisms permits improved 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 degrees of freedom to
surmount the restrictions of laparoscopic tools, which typically do not allow its pointer to reach
the tissue anterior and authorize suturing in problematic ergonomic postures.

The above analysis shows that a patient’s health and well-being depends on diverse
issues linked to the extent of tissue invasiveness, pursuing precision, intervention duration,
healing rapidity, etc. These aspects are connected, in addition to the patient, to the thera-
peutic team in terms of dexterity, ergonomics, and execution ease. The abilities of the staff
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 dream that has been realized
today through digital intelligence. Thus, in addition to patient well-being, staff ease, and
MI benefits, the expected accurate positioning and visual ability could be achieved by
reliable interventional robotic procedures assisted by imaging scanners. In fact, image-
assisted robotic intervention looks to be an obvious advancement of laparoscopic and
robotic interventions, alongside skill augmentation and surgeons embracing improved
posture during the whole intervention [17,18,75,76]. Moreover, such image-guided robotic
interventional procedures are well-adapted for intricate surgeries [77–80] or restricted drug
distributions [81–83], and both call for actions in a circumscribed area to safeguard healthy
tissues from touching the troubled zone.
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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,
with the most common being pneumatic, hydraulic, EM, and smart actuators such as
piezoelectric, shape–memory alloy, electroactive polymer, magnetostrictive, and photome-
chanical 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 well-adapted actu-
ation technology based on 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 accomplished by consistent interventional robotic
procedures assisted by imaging scanners. Such security, in this context, is related to the
intervention nature and duration that is closely allied to the scanner technology. For rela-
tively long imaging intervals such as medical interventions, magnetic resonance imaging
(MRI) and ultrasound scanners are generally employed [77–80]. Note that the robotic tools
in this context perform close to or inside the scanner.

MRI scanners are progressively and increasingly used in surgery and drug admin-
istration, 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 a resolution above the nanometer scale, rapid responsiveness, and invul-
nerability to EM interference, thus surpassing their counterparts in the smart actuation
category, as well as common pneumatic, hydraulic, and EM actuators. 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, which are generally used in
miniaturized form in applications involving precise and controlled displacements of small
masses on a surface or other mediums 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 a TW
piezoelectric mini-pump accurately delivering controlled liquid. Figure 7 illustrates the
prototype constituents of the mini-pump of Figure 6 [4].

Figure 6. Schematics of a TW piezoelectric mini-pump moving accurately controlled fluid [4].
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Figure 7. Structural prototype elements (schematic representation of the shape) of a fluid-controlled
delivery using a TW mini-pump [4].

Figure 7 shows one of the possibilities for using a traveling wave. In this figure, the
bottom layer is the one in which the traveling wave propagates. We deposit a PDMS
channel which is then covered by the top layer. When liquid is placed in the 2.5 mm wide
and 5 cm long channel, it is driven by the vibrations of the bottom layer. We have created a
pump that can drive small quantities of liquid.

Additionally, the second category uses techniques such as repetition and/or stepping,
allowing larger strokes and higher degrees of freedom (DOF) [32]; these include 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 that is
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, such as magnetic or
massive conductive materials. 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 literature for stepping actuation [8,33], stick-slip multi DOF [32]
with flexure hinge and bionic imitating body movement actuations [90–92], and for ultra-
sonic [27] standing wave miniature linear and multidimensional motion actuators [93–95].
Furthermore, cases of piezo robotic hands for micro-to-macro motion manipulation and
adaptive miniature piezoelectric robots are given in [1,96–98] and cases of micro-motion
robotic surgery tool and image-based biopsy using OCT control are given in [99,100]. Cases
concerning the role of robotics in image-guided interventions and in healthcare robotics
are given in [101,102].

Figure 8 schematically summarizes the above conclusions relative to scanner and
robotic actuating means in an image-assisted robotic intervention.
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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 close to or integrated in the body generally corre-
spond to portable, removable, or incorporated tools. 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], and can be involved in diagnosis support, health monitoring and
prognosis, heart rate monitoring, respiratory monitoring, measurement of blood pressure,
personalized pain medicine, etc.

Assisting activity comprises stimulating, such as pacemakers and defibrillators [113],
drug release, such as implanted delivery devices [114], monitoring, such as implants in the
spinal cord and head [115,116], and assisting, such as cardiac devices assisting continuous
blood-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 treatments. This includes by-passing relocations,
transpositions, transfers, etc., replacing face-to-face treatment with an incorporated joined
watch over the line of attack.

Sensing duties require portable pressure sensors that reflect non-invasive, real-time,
and uninterrupted supervision of health vitals. They permit healthcare staff to collect
consistent and precise information. By monitoring pressure, several biological issues,
such as wrist pulse, heart rate, and joint and muscle behavior, can be evaluated. Portable
pressure sensors present the benefit of permitting patients to carry out their everyday tasks
while staying monitored. As mentioned before, piezoelectric pressure sensors possess
high sensitivity and large linear response, making them suitable for several wide-ranging
pressure-sensing requests, like in the management of dynamic signal detection. For instance,
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they are used 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,
and actuating means. As stated above, they could be integrated in tissues for health
upkeep and stimulation of diverse body parts, or enclosed in tissues for image-assisted
medical interventions. Both integrated and enclosing devices are robotically based and
can, respectively, directly use piezoelectric patches [4,5,28–31] or be indirectly actuated by
piezoelectric actuators [8,27,33]. Such activity has been largely developed in Section 4.1
“Robotic Actuation for Medical Involvements”.

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 groundbreaking materials with enhanced assets such as
augmented stability, endurance, and electric behavior, and to cutting-edge manufacturing
techniques such as nanotechnology that allowed for the development of nanogenerators,
resulting in the conversion of mechanical vibrations at low-frequency to electrical output.

In the instance of the above-discussed wearable sensors, soft pliable materials such
as PVDF (polyvinylidene fluoride) and flexible piezoelectric composites (FPCs) allow for
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, such as in the fields of 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 tackle a balance
of structural elasticity and electric yield. For example PVDF present good compliance
but weak piezoelectric modulus compared to inflexible ceramics, which are easily broken
and hence unreliable for dynamic wearables. Furthermore, endurance under repetitive
mechanical pressure poses further issues [19]. Additionally, ceramics such as PZT (Lead
Zirconate Titanate) contain Lead (Pb), which poses additional issues related to Section 5.7.2
on biocompatibility, biodegradability, and non-toxicity.

5.2. Piezoelectric Microrobots and Bio-Inspired Concepts

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, like drug distribution and disease diagnosis.

Piezoelectric microrobots are potentially adapted to perform in difficult atmospheres,
such as inside the human body. Another peculiarity lies in their execution, which is often
based on bio-inspired concepts. For example, a robot with a thin and flexible plate structure
actuated by specifically located fixed piezoelectric patches [5,29] can illustrate movements
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of crawling on the surface, flying in the air, or swimming in water. Different instances
of bio-inspired robotic actuation could be found in the literature, such as a multilegged
piezoelectric robot [121], earthworm [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 previously. Such electromechanical two-way conversion is not limited to piezoelec-
tricity, but piezoelectric materials matched to their competitors displaying such conversion
present towering electromechanical effectiveness and notable scalability, making them
applicable for miniaturization. Thus, they are broadly employed in sensing, actuating, or
integrated purposes [129].

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

A multifunctional tool is normally able to integrate different tasks through its own
components. Such amalgamation can lead to further compacted outcomes. The natural
multifunctional integration combines the sensing and harvesting tasks, resulting in a
self-driven sensor. Figure 9 shows schematics of a multifunctional piezoelectric device
involving sensing and harvesting functions, following mechanical-to-electrical conversion
and inversely for actuating functions.

 

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

5.3.1. Wearable Tools and Flexibility

As mentioned above, structural flexibility plays a significant role in wearable tools,
which are generally miniature and weightless to ensure they are portable. This flexibility
concerns not only PFM but also neighboring support sheets and electrodes, thus providing
a reliable multifunctional flexible piezoelectric tool. Such wearable flexibility reflects the
adaptation to dynamic movements of humans [130].

Energy harvesting in wearable devices can involve heart rate [131,132], respiration [133,134],
pulse [135], and 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 possess mutual characteristics of flexibil-
ity and piezoelectric but their performing features display substantial distinctions. Organic
polymers are naturally fully flexible, but possess the lowest piezoelectric features; inorganic
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thin films hold the best features of crystalline piezoelectric thin layers, but are physically
more brittle; and composites that are a crystal–polymer blend have behavior that falls
somewhere between the previous two, where flexibility and piezoelectric properties can be
adjusted based on structural design or blend ratios. These distinctive performance charac-
teristics 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 are better at meeting 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 is 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, such as 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
for electrical conversion. These electrodes have a theoretical sensitivity to EMFs, a skinny
nature, and can be structurally adjusted [17], making 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 nec-
essary, 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 Figures 8 and 9 in [17]). In fact, for
example, in an MRI scanner, the radiofrequency field in the scanner scaffold, which is
directly associated with living tissue images, displays a 3-D field distribution depending
on the targeted problem details. The perturbation of such distribution alters the image
through artifacts, leading to a wrong interpretation. The introduction of external objects in
the scaffold alongside living tissues could perturb the field distribution. Thus, if the field
distribution remains the same with and without a piezoelectric device, this indicates the
device is insensitive to EMFs and is hence immune to EM interference.

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 an adequate positioning
device. Moreover, for relatively long intervention intervals and a 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.
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5.5.1. Closed-Loop Controlled MRI-Assisted Autonomous Scenery

In fact, patient safety is linked to the therapeutic limitation attributed to the targeted
area, which mainly depends on actuation accuracy of the interventional device and its spa-
tial positioning. Thus, a cooperative arrangement includes the MRI scanner, interventional
tool, location and duties assigned, robotic actuation, and control alongside the imaged,
restricted troubled zone, all performed in a closed-loop controlled autonomous procedure
as exemplified in Figure 10.

 

Figure 10. Schematics of a closed-loop controlled autonomous cooperative procedure including
the MRI scanner, interventional tool, location and duties assigned, robotic actuation, and control
alongside the imaged, restricted troubled zone.

The involved accuracy in this control procedure would be dependent on the different
issues comprising the complexity level of its interacting components, their linked uncer-
tainty features, and unforeseen exterior threat events, together with MRI compatibility
issues related to robotic immunity to EM interference, including the piezoelectric actu-
ating device. It is only by managing such potentially tormenting problems that reliable
performance can be achieved.

5.5.2. Digital Twin Administration of MRI-Assisted Interventions

The depreciation of the menacing distresses, together with respect to particular per-
sonalized data, are necessary for reliable operational MRI-assisted controlled procedures.
These 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 tasks. Hence, the 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, in decreasing uncertainties
within the pair and unforeseen hazards in the perturbing dynamics of MRI-assisted robotic
control. In fact, the matching of physical and model sides allows each side to correct
and adjust the other. This self-adaptation aids in reducing uncertainties (physical and
computational) as well as unforeseen hazards. The assistance in managing complexity
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comes from representation of interconnected physical phenomena involved in MRI-assisted
controlled robotic interventions (the scanner fields, robot instruments, actuation system,
and living tissues) by a coupled mathematical model. The matching of these physical
interconnected phenomena with their coupled model permits, again, their self-adaptation
and hence, adjustment.

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

A comprehensive DT administration of an MRI-assisted robotic control through ex-
changes 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 with a short com-
putation interval. Consequently, the complete model, which accurately characterizes the
real process, would be abridged, permitting restrained execution time while conserving the
representation of the physical process. Figure 11 shows the topographies of a monitoring
DT of a MRI-guided robotic intervention. This DT monitoring can be exploited for training
of medical personnel, forecasts by means of real phantoms along with their digital replicas,
or a physical patient–virtual model, containing self-decision matching plus keeping 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].

 

Figure 11. Summarized topographies of a monitoring DT of a 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 result for staff [153–155]. Furthermore, artificial intelli-
gence (AI) practices in these treatments support staff by reducing the data-acquisition and
post-processing complexities and 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 joined to a MRI can diminish intricate interventional risks such as
tissue injury, bleeding, and distress post-intervention. Moreover, DTs can execute a signifi-
cant task in AR-aided interventional robotics. Therefore, the likely disorder origin and its
intervention method can be precisely identified through personal patient examination via
deep learning databanks. Likewise, a number of further benefits of fused AR-DT are linked
to enhanced suturing precision, fastening, and repairing, which are comparable to manual
tasks [158–162].
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DT practice is a type of digital treatment and is commonly utilized in personalized
medical therapies that can be used in nursing, recognition, tutoring, or interventions. DTs
are frequently connected, in addition to AI and AR tools, with virtual reality (VR); for
instance, VR training improves the skill needed to reproduce daily training circumstances
while providing the facility to correctly measure performance. Also, the preparation of
DTs permits staff to perceive the development of the disorders and adjust cure strategies to
choose the best appropriate therapy. Such preparation in personalized scheduling supports
the progression of early diagnosis and search for novel cures or interventions [163,164]. It
should be noted that such digital treatment contributes to the high-reliability precision of
medical therapies allowing for patient safety and staff ease.

5.6. Matching of Performance Indicators with Application Scenarios

In the present paper the potential of piezoelectric actuation and sensing in high relia-
bility precision in medical therapeutics was investigated. We have seen that these devices
surpass, in this context, their competitors’, particularly for high reliability precision in-
volved in intricate tasks. This section illustrates some comparisons of device performances
and medical scenarios. Table 1 shows a comparison of piezoelectric actuators with tradi-
tional electromagnetic, hydraulic, or shape–memory alloy actuation methods in terms of
resolution, response time, driving force, and MRI compatibility.

Table 1. Comparison of performances of different actuating devices involved in medical interventions.

Actuator Resolution Response Time Driving Force MRI Compatibility

piezoelectric nanometer microsecond Newtons High

electromagnetic tens of micrometers millisecond Newtons Low

hydraulic micrometer millisecond Newtons High

shape–memory alloy nanometer second Newtons Medium

Table 2 illustrates a comparison of different actuators in the two scenarios of comput-
erized and MRI-assisted robotic interventions.

Table 2. Comparison of actuators in two interventional scenarios.

Actuator
Computerized Robotic
Common Intervention

MRI-Assisted Robotic
Intricate Intervention

Piezoelectric V. Good V. Good

Electromagnetic Good No

Hydraulic Moderate Moderate

Shape–memory alloy Good No

Table 3 illustrates a comparison between piezoelectric sensors and other types related
to EM interference.

Table 3. Illustration of piezoelectric sensors regarding EM interference.

Sensors
Sensing Without
EMF Exposures

Sensing in EMF
Exposure Environment

Piezoelectric Good Good

Others Good Need shields
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5.7. Future Research Perspectives on Piezoelectric Implications in the Medical Field

This section is devoted to possible future perspectives of the involvement of piezo-
electric devices in medical applications, and particularly in robotic interventions and
wearable tools investigated in this paper. When evaluating such involvement, we re-
fer to piezoelectric materials, their device structures, their intended requests, and their
specific performance. The main features include piezoelectric performance, structure flexi-
bility, multifunctional behavior, adaptation upon request, embedded biocompatibility, and
biodegradability [165–167].

5.7.1. Wearable and Implantable Medical Tools

An important goal in wearable and implantable tools is to focus, via technological
tasks, on improving both structure flexibility and piezoelectric performance as well as
biocompatibility in case of embedded concerns. These allow multifunctional and minia-
turized tools that require less energy intake and are more safe. Moreover, in implanted
tools, actuating and harvesting duties would be possible by the incorporation of energy
storage means.

5.7.2. 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.

5.7.3. Dependable Self-Moving Miniature Robots

Continuous developments in fabricating and assembling strategies have led to im-
provements 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 increased de-
grees 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, sub-micrometer-level resolution [174], and
centimeter-scale reconfigurable robots [175].

5.7.4. 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].
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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 [176,177]. Furthermore, since image artifacts are generally unavoidable [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).

5.7.5. Summarized Illustration of Future Research Perspectives

Figure 12 illustrates a summary of the abovementioned future research perspectives.

 

Figure 12. Summarized illustration of future research perspectives (medical case involvements)
related to piezoelectric material features (behavior, environmental compatibility, and performance).

6. Conclusions

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

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 con-
cepts, was shown to be potentially suitable for operation inside the human body. Both tasks
exhibit accurate MI interventions that can be used in surgery or implanted drug delivery.

Regarding wearable health tools, the article highlighted the potential of flexible piezo-
electric materials in miniaturized monitoring tools involving sensing, actuation, and energy
harvesting. These tools provide non-invasive, real-time, and uninterrupted monitoring of

23



Actuators 2025, 14, 528

vital indications, as well as assistive functions of 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 the following (for details, see Section 5.7):

• Wearable and implantable medical tools;
• Biocompatibility, biodegradability, non-toxicity, and piezoelectric biomaterials;
• Dependable self-moving miniature robots;
• MRI compatibility in image-guided robotic interventions.
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Abstract: This review synthesizes research on smart insole prototypes and their designs,
focusing on those incorporating artificial intelligence (AI) and a wireless communica-
tion/transmission system. The main objective of this work is to summarize existing studies,
identify key trends, evaluate the performance of these innovative biomechanical tools, and
recognize the factors that could lead to optimization. This comprehensive analysis includes
studies from PubMed, Scopus, and Web of Science databases and other investigations on
the critical themes to consider. It follows strict inclusion and exclusion criteria, ensuring
the quality and accuracy of the overview. The findings emphasize significant progress in
smart insoles, particularly in AI-enhanced prototypes, while addressing existing challenges
and problems. This review helps guide potential future research and define practical appli-
cation directions. The growing importance of biomechanics, especially on smart insoles,
underscores the considerable potential of these innovations to monitor and improve human
movement in both clinical and non-clinical settings, promising a future of more effective
and personalized health and performance interventions. This protocol was registered with
the International Platform of Registered Systematic Review and Meta-Analysis Protocols
(INPLASY) on 6 February 2025 and was last updated on 6 February 2025.

Keywords: smart insole; biomechanics; artificial intelligence; machine learning; design;
prototype

1. Introduction

Wearable sensors and smart devices have become a reality and a helpful tool that
can provide essential information across various fields of study [1]. Smart insoles fall
within this category of equipment, not only representing a cutting-edge development in
wearable technology but also being specifically designed to monitor activity and enhance
the performance of several motor functions through real-time data collection and analysis.
This product is gaining popularity and becoming a preferable wearable device for everyday
use. Furthermore, smart insoles can serve as an alternative to traditional technological
gadgets such as the global positioning system (GPS) or smartphones when these are
unavailable or inaccessible [2]. Additionally, they offer significant advantages in terms of
low cost and reliability [3].

Actuators 2025, 14, 408 https://doi.org/10.3390/act14080408
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The increasing popularity of smart insoles was driven by several factors, including
advancements in technology, user-friendly signal processing algorithms, and machine learning
(ML) techniques, alongside advances in new sensor technologies [2]. By collecting valuable
data regarding motion, muscle activity, nerve responses, and pressure, these devices can
analyze patterns and actions, enabling practical interventions, ergonomic improvements,
and even more efficient prediction of disease development [4]. With the integration of AI,
these devices have the potential to revolutionize patient care and athletic performance in
a non-intrusive way and with daily confidence [3]. The junction of these technologies can
even help in the disease rehabilitation process and provide rehabilitation in the comfort
of patients’ homes [4]. However, despite these advantages, gaps and opportunities for
improvement persist across all applications of this technology. For example, nowadays, the
known technology of wearable sensors for sports performance purposes has a few obstacles
to overcome, such as the high cost, the high energy consumption, and the fitting [1].

This systematic review aims to provide a comprehensive overview of the methodolo-
gies employed in smart insole prototypes, focusing on AI’s potential to enhance functional-
ity and accuracy. We examine the objectives, processes, and outcomes of existing studies,
identify critical gaps in the current literature and propose directions for future research.

2. Materials and Methods

In this review, a strategic approach was taken to select three databases for the search:
PubMed, Scopus, and Web of Science. The chosen keywords, “smart insole”, “artificial
intelligence” or “machine learning”, and “prototype” or “design”, led to a certain number
of hits, as shown in Table 1. The table provides the parameters and the essential information
of the keywords and combinations used for the searches in the selected databases.

Table 1. Keyword combinations used for searches in the selected databases.

Database
Name

Platform
Date

Coverage
Date of
Search

Search
Within

Source
Title

Command
# (No.) of
Results

Scopus Elsevier –2024 17 September
2024

Article title,
Abstract,

Keywords
All

“smart insole” AND
“artificial intelligence” OR
“machine learning” AND
“prototype” OR “design”

12

Web of
Science Clarivate –2024 17 September

2024 All Fields All

“smart insole” AND
“artificial intelligence” OR
“machine learning” AND
“prototype” OR “design”

6

PubMed NLB/NIH –2024 17 September
2024 All Fields All

“smart insole” AND
“artificial intelligence” OR
“machine learning” AND
“prototype” OR “design”

1

This study followed the PRISMA [5] guidelines for systematic reviews and the protocol
for this systematic review was registered on INPLASY (NO. 202520031). Thirty-nine works
were included in the review; nineteen were retrieved from the three databases, and thirty
were added manually. These last works resulted from the suggestions of the respective
websites used for the research, and the suggestions were probably created by the algorithms
due to each library’s search history. Including these studies increases the review work and
gives a better perception, justification, and knowledge of the referred authors’ practical
investigations and theoretical works. In this search strategy, it was agreed that restrictive
conditions should not be applied. Hence, it was decided to include articles, review articles,
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systematic review articles, conference papers, proceeding papers, and book chapters only
written in English.

On the other hand, short communications were not included since, from a group per-
spective, they do not offer benefits and value to the study. Next, there were no restrictions
or imposed conditions regarding the publication year. Studies were selected based on
the predefined inclusion and exclusion criteria mentioned above, focusing on those that
detailed AI-enhanced smart insoles’ methodologies, manufacture, design and performance
metrics. Figure 1 presents the PRISMA flow diagram, illustrating the screening procedure
followed. The choice of the selected databases ensured that low-quality and low-impact
articles were not considered.

Figure 1. PRISMA flow diagram.

Four duplicate records were excluded from the total number of works searched, five
reports were unavailable for download and consultation, and finally, one short communi-
cation was excluded in this review.

Figure 2 provides a detailed analysis of the type of documents used in this investiga-
tion. As stated previously, the specificity of the subject and the decision not to apply many
conditions resulted in gathering various documents.

As explained previously, the specificity of the research and the decision not to apply
many restrictions resulted in gathering several documents. The number of articles included
in this work was twenty-four, followed by seven reviews, five conference papers, and three
systematic reviews. Incorporating a more comprehensive range of source types is essential
to encompass a more extensive array of academic views and perspectives, thus enhancing
the strength and thoroughness of the study’s conclusions. In the next figure it is possible to
observe the year of publication of the works selected for this study.
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Figure 2. Information of the document types included in this systematic review.

The data shown in Figure 3 make it easy to conclude that interest in this subject
increased exponentially in 2017 compared to 2012 and from 2022 to the present. Another
fact is that the sum of the records in 2022, 2023, and 2024 represents about 67% of the total
number of works. This last knowledge demonstrates that this study is in line with the
research’s interests.

 
Figure 3. Information related to the publication year of the documents included in this systematic review.

In the first map generated with the VOSviewer software (Version 1.6.20 (0)), which
is presented in Figure 4, the keywords included in the thirty-nine works included in the
research are observed. The appearance of keywords like “wearable sensor”, “plantar pres-
sure”, “ground reaction force”, “model”, “center of pressure (CoP)”, “gait”, “algorithm”,
“real time” and/or “development” serves as a strong validation of the chosen methodology
of database search. However, it is important to note that other terms that appear with
highlights, like “diabetic foot insole” and “research,” could be present because most of the
studies and prototypes have applications in the healthcare field. All the clusters presented
have a specific color. It is evident that the red cluster focuses on technological develop-
ment with applications in the healthcare field, including keywords such as “development”,
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“wearable sensor”, “algorithm”, and “diabetic foot insole”. The purple cluster features
terms such as “plantar pressure”, “shoe”, “importance”, and “real time”, emphasizing the
importance of real-time plantar pressure measurement. Keywords such as “part”, “speed”,
“detail”, and “PETG” belong to the yellow cluster and are related to the 3D printing and ma-
terial properties. The green cluster includes “ground reaction force”, “model”, “research”,
and “sensorized insole”, and the following keywords are linked to biomechanical analysis
and modeling. Finally, the blue cluster links terms associated with gait analysis, such as
“gait”, “center”, “CoP”, “layout”, and “flex sensor”.

Figure 4. Complete counting keywords network visualization.

This graphic representation was achieved by creating a network visualization with
three minimum occurrences, which provided a map with five clusters and a total of fifty-
two terms. However, other words are inherent to the keyword search, and their presence
confirms the depth of the subjects and the value of the gathered studies. The purpose of
this study is related to sensor technology, applications, materials and designs, machine
learning, and other types of artificial intelligence and prototypes. It is safe to conclude that
most of the keywords presented in this map are incorporated in one form or another in the
subjects previously referred to.

Figure 5 presents a keyword density visualization. This type of representation allows
one to make quick observations and comparisons regarding the number of times (quantity)
that a certain keyword appears in the selected works. So, to analyze correctly, it is important
to be aware of the intensity and brightness of the color, the area length and the font size. In
conclusion, it is safe to say that “ground reaction force”, “plantar pressure”, “development”
and “wearable sensor” have a higher number of occurrences compared to the others.
However, it is also visible through this type of image or representation that the keyword
“algorithm” does not have many occurrences; on the other hand, it is possible to verify
that the keyword “model” appears to have a higher frequency of appearance, and it can be
considered that there is a direct link and connection between the two terms.

 

Figure 5. Complete counting keywords density visualization.
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In Figure 6, the keyword network visualization images show remarkable similarities,
underscoring the value of this data representation. The primary purpose of this visualiza-
tion is to reveal the connections between keywords and the year of publication. A closer
examination shows that the brightness of the color indicates the recency of the keyword’s
occurrence. For example, keywords like “diabetic foot insole” and “importance” are promi-
nent in more recent works, while others like “algorithm”, “model” and “real time” have
been consistently present since 2022, providing a valuable historical context. This can occur
for the same reasons stated in the Figure 4 analysis. However, it is noticeable that these
terms are current and appear more frequently due to the diabetes pandemic and thus the
number of patients suffering from such conditions.

Figure 6. Complete counting overlay visualization.

3. Results

In all the investigations presented above in Table 2, some information is visible about
the insole manufacturing materials, types and numbers of sensors, and hardware and
software used, and if they integrated a wireless system or any type of AI. Five worked on
devices already available in the market of the twenty-six studies, and the rest labored on
their prototypes. Between all of them, ten integrated a wireless system, two implemented
AI in the equipment and eight presented a smart insole system with wireless and AI.

According to the information provided in all investigations, studies and works, regarding
the smart insole prototypes with wireless connection, the 3D-printed capacitive insole [6] and
the PDMS-based capacitive sensor insole [7] demonstrated superior performance, making
them the most effective for high-precision plantar pressure and gait monitoring applications.
The 3D-printed capacitive insole demonstrated sensitivity of 1.19 MPa−1, an operating pres-
sure range of 41.5–872.4 kPa, excellent linearity (R2 = 0.993), fast response and recovery times
(142–160 ms), durability over 2280 cycles, and low hysteresis (<10%). It also offers practical
solutions for stable operation across gait speeds of 30–70 steps/min. Complementarily, the
PDMS-based capacitive insole showed high resolution, linear pressure response, and supe-
rior mechanical stability under both controlled loading and gait conditions, with a reported
sensitivity of 0.020 pF/kPa for 3 mm thick sensors.
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Some studies like the ones that are mentioned next do not provide much information
about the materials used and procedures adopted. Crossland et al. [27] innovated a speckle-
patterned system for strain analysis, utilizing digital image correlation; He et al. [22] created
piezoresistive sensors using carbon nanotube conductive films and ethylene vinyl acetate
(EVA) foam insoles; and Ciniglio et al. [14] and Fuchs et al. [29] employed commercial
systems like Pedar-X and F-Scan for advanced analysis.

Regarding the smart insole prototypes with wireless connection, the 3D-printed ca-
pacitive insole [6] and the PDMS-based capacitive sensor insole [7] demonstrated superior
performance, making them the most effective for high-precision plantar pressure and gait
monitoring applications. The 3D-printed capacitive insole accomplished high scores in
sensitivity, stability, and linearity, accurately distinguishing gait phases in real time. This
device also offered strong reliability with low hysteresis and rapid response, making it
well-suited for dynamic gait analysis. The PDMS-based capacitive sensor insole prototype
presented a smooth composite material, a linear response, and precise and consistent
pressure readings across different foot regions. Together, these two prototypes provide
robust solutions for accurate real-time plantar pressure monitoring.

In recent investigations of prototypes with AI but no wireless capability, the focus
was on studying ground reaction forces (GRF). Eguchi et al. [10] implemented the ML
technique Gaussian Process Regression in an insole with pressure sensors. The results were
accurate and appropriate for clinical trials and daily life. Willemstein et al. [31] presented a
prototype with 3D-printed porous piezoresistive sensors in a commercial insole and with
the employment of Hammerstein–Wiener models. According to the study, this device was
a viable alternative compared to other commercial options due to its scores and cost.

The various studies incorporating wireless transmission and AI technology revealed
significant improvements to diverse fields of knowledge and applications. For instance,
the study on low-cost smart insoles employing recurrent neural networks enhanced GRF
and CoP predictions by over 30% compared to traditional methods, showing promise for
cost-effective gait analysis in clinical and day-to-day life [30]. The CapSoles system reached
95% accuracy in user identification and 82% in distinguishing floor types using capacitive
sensing [17]. Another study involving a sensor insole designed for gait analysis achieved
a remarkable 98.75% user recognition accuracy, underscoring its potential for sports and
healthcare, where precision is critical [21].

An AI-powered smart insole developed for the construction industry [17] also demon-
strated practical utility in reducing back pain risk among older workers by providing
real-time feedback on lifting techniques. However, improvements in robustness are still
needed for commercial purposes [18]. The smart insole timed up and go (SITUG) system,
tailored explicitly for elderly users, refined the timed up and go test to operate in com-
plex environments with a mean accuracy of 94.1% for gait feature extraction, making it a
powerful tool for fall-risk assessment [19]. Meanwhile, the MovePort dataset introduced
an extensive multimodal dataset that includes electromyography (EMG), IMU, and insole
pressure sensors, enabling advanced analysis of abnormal movements in rehabilitation and
setting a foundation for clinical research [24]. In the healthcare domain, a study leverag-
ing pressure-map manifold learning achieved 86.6% accuracy in patient handling activity
recognition, addressing injury risks for caregivers through robust task monitoring [16].
Lastly, a novel approach combined smart insoles with red–green–blue (RGB) cameras for
identifying stationary individuals based on posture, presenting a feasible solution for IoT
environments with controlled user monitoring [20]. Among these, the insole designed for
gait analysis and the SITUG system obtained the best scores, presenting high accuracy and
offering impactful resolutions in overcoming critical problems in healthcare and sports.
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The studies presented demonstrate significant strides in integrating innovative materi-
als, sensor designs, wireless technologies, and AI-driven frameworks. These advancements
underscore the potential for developing advanced wearable technologies, which could
enable real-time data collection and enhanced functionality across various applications.

4. Discussion

As expected, with the evolution of technology and the progress made in the smart
insole field, it is essential to segment the final product to understand the components
better while always understanding its purpose and future application. It is necessary
to study the several manufacturing materials methodologies, the sorts of hardware, the
database size, the numbers and types of sensors, and, ultimately, the integration of different
ML techniques.

It is also known that smart insole devices evolve toward simplified designs, and the
device’s power consumption will be lower. Applications for daily use mainly focus on
monitoring, detection, and interactions. It is desirable to have a streamlined design with the
minimum number of sensors integrated, as the cost, power consumption, and robustness
are the top considerations [2].

4.1. Insole Manufacturing Materials

Three very important features in this subchapter need to be addressed to better un-
derstand the procedures that come with it. First, different kinds of materials are already
used in the production of insoles. For the manufacture of orthotics, various materials can
be used, such as plastics (e.g., polypropylene), foams (e.g., polyurethanes and EVA), and
carbon-based composite materials (e.g., carbon-fiber-reinforced plastics). It is crucial to
carefully select the appropriate materials, considering that an excessively stiff insole will
not provide adequate impact absorption, while an overly soft insole will lack sufficient
support [32]. Among the materials mentioned, Valvez et al. [33] demonstrated that the
mechanical properties of Poly(ethylene terephthalate)-glycol (PETG) can be significantly
improved by optimizing printing parameters such as nozzle temperature, layer height,
and infill density. Their findings reinforce the importance of process parameter tuning
in additive manufacturing to ensure structural integrity and enhance mechanical perfor-
mance [34]. In fact, in sensor applications, the structural integrity of the printed substrate
is often a prerequisite for consistent and reliable signal response. Parameters such as layer
thickness and infill density not only influence mechanical strength but also affect defor-
mation behavior, dimensional stability, and interlayer bonding—all of which can impact
the performance and durability of embedded or printed sensing elements [35]. Therefore,
even when the final application is functional, structural optimization remains a critical
foundation. Insoles with one single layer focus essentially on comfort, whereas insoles with
two layers usually combine both soft and stiff materials to provide comfort and support
to the user. Multi-layered insoles go one step further, incorporating various materials to
balance support, control, and comfort. Thus, each structure and material choice affects the
manufacturing process and therefore the insole performance in unique ways [36].

Second, it is also possible to choose a variety of manufacturing processes to fabricate
a desired insole. There are various AM technologies such as selective laser sintering
(SLS), selective laser melting (SLM), stereolithography (SLA) and fused filament fabrication
(FFF) [36].

Finally, it is important to know the application or purpose of the equipment. As stated
in Crabtree et al.’s [32] study, which focused on methodology of design and manufacture
of sports insoles and referred to this niche as the symptom-specific sports (3S) insole, these
processes must include the application or the specification of the sport to the equation. In
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that order, is important to prescribe the insole according to the geometry and biomechanical
requirements, and to consider the specific sport (as well health problems, disabilities and
disorders). This final point is important because the plantar pressures might differ and
so the inherent sports movements can be characterized considering the loading patterns.
Therefore, customizing insole design to match individual foot characteristics is essential
to reduce the risk of pain and injury [36]. One task that can be implemented and could
influence the outcome of the final product is the usage of three-dimensional foot-scanning
equipment to reach a proper and accurate prescription of the foot insole [32]. In Figure 7,
we show the synthetized information and the possible steps to obtain an adequate 3S insole.

 

Figure 7. Adaptation of an image in Crabtree et al. [32] about a prescription methodology for a
3S insole.

4.2. Significance of Hardware

Choosing and integrating hardware components such as sensors, microcontrollers, bat-
teries, and communication modules are crucial in the process of smart insole development.
As is known, because of the inconvenience and impracticality of using force platforms as
the main and preferable tool to measure GRF outside of laboratory settings, most studies
have been constrained to indoor environments [3].

To overcome some obstacles, the precision and durability of the smart insole’s elements
determine the accuracy of data collection, which is essential in several applications. For
example, high-quality sensors that can gather pressure points and force distribution allow
users or healthcare providers to analyze gait patterns or detect early signs of foot-related
health issues. Meanwhile, a compact but minimal, energy-efficient microcontroller is
essential for processing data, ensuring the user’s comfort.

Battery capacity, durability, and wireless communication capabilities are equally
important; these specifications affect the range of the insole that can operate and how
effectively it can transmit data to other devices, such as smartphones or computers. To
transmit data to a computing platform in proximity, different technologies can be chosen
and used, such as near-field communication (NFC), Bluetooth, Adaptive Network Topology
(ANT) protocol, BLE, and ZigBee. Wireless communications, such as high-speed packet
access (HSPA) or long-term evolution (LTE) services, can also be chosen [2].
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4.3. Size and Type of Data

Full-body activities can be accurately recognized by smart insoles when compared
to smartwatches and smartphones. Postures and movements like laying down, sitting,
standing, walking, climbing staircases, running, cycling, and driving are possible to detect
when using this type of technology. The non-obtrusive specification of the smart insole
(if considered) permits the collection of different types of data, like the measurements
of ground reaction force distribution, which can be valuable to disease detection and
diagnosis [2]. Moreover, the integration of cycle time and activity repetition data could be
instrumental in fatigue prevention initiatives [3].

Variables like the duration and the length of strides, steps, stances, swings, double
supports, speeds, and cadences are also used to identify gait cycles. Gait spatiotemporal
parameters represent the basics of gait analysis and are essential for balance, postural
stability, and athletic performance evaluation. In conclusion, gait accuracy directly depends
on spatiotemporal parameters and contributes to the overall gait detection accuracy [2].

One of the problems identified by most of the authors who were cited in this investi-
gation is the lack of data diversity. For instance, some researchers have conducted pressure
tests on diabetic foot insoles using the Pedar system [36] and others have recruited only
college students [2]. Therefore, conducting a study with a diverse sample can be an asset,
as it can help yield different conclusions and provide insight into the actual value of this
technology. However, this can be an obstacle; there is evidence that models trained on
small datasets, particularly in cases involving nonparametric regression, often perform
best [37]. It is crucial to acknowledge that overtraining the data sample can contribute to
this problem.

4.4. Types and Numbers of Sensors

It is known that among available sensors, each one has its own specifications, and
considering the application and need, it is possible to choose the more appropriate one.

According to Razak et al. [38], to gather precise and accurate biomechanical data, it
is first necessary to optimize the technology to the purpose, nature and application. Foot
plantar sensors also need to fulfill some requirements such as mobility; limited wiring
or wireless function; 15 sensors to cover most of the body weight changes; low cost;
and low power consumption. To achieve good performance it is important to follow
some key specifications, like hysteresis (the response when the sensor is loaded and
unloaded), linearity (the response of the sensor to the applied pressure), sensing size,
pressure range, temperature sensitivity, operation frequency/sampling and creep and
repeatability (deformation of the material under high temperature and static stress and the
ability to produce reliable results after a long period of time, respectively).

Recent studies concluded that IMU and pressure sensors are the most used in insoles
for sports performance and rehabilitation [4,39]. In addition, there has been an increase in
the integration of sensors into medical devices. With that said, it is also crucial to determine
the adequate position and be precise in the sensor placement. Further calibrating it/them
properly and proceeding to validation is essential [40].

Among the different types of sensors, triboelectrics can benefit from being self-
powered, and according to a study by Fazio et al. [1] this technology is often applied
to detect pressures from different body parts. Subsequently, in 2022, Almuteb et al. [2]
stated that real-time pressure distribution monitoring insoles with piezoelectric nanogen-
erators combined with a triboelectric–electromagnetic nanogenerator and triboelectric
nanogenerator-powered smart insole have the advantage of being self-charging or battery-
free for daily use and the ability to use the energy generators as pressure sensors.
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However, it is important to consider that integrating multiple sensors to gain the most
critical information often results in redundant data, bulky designs, and uncomfortable
equipment [2]. As another solution, integrating regression techniques may provide a viable
alternative by allowing the use of a reduced number of sensors for estimating biomechanical
time series and measuring all required independent variables [35].

4.5. Integration of ML Techniques and Others

ML is one AI subset. To better understand this, this technique uses statistical models
and algorithms to enable computers to execute specific tasks without explicit programming,
focusing primarily on making predictions or decisions based on data. Inside the world of
ML, there exist great tools like Supervised Learning and Unsupervised Learning. In the
first tool, the model is trained on labeled data to predict outcomes for new and unseen data.
The other is used mainly to discover patterns in input data that are not labeled and is often
used for clustering or association tasks [41].

The commonly used ML algorithms for daily activity recognition are Support Vector
Machine (SVM); Decision Tree; Naïve Bayes; Nearest Neighbor (NN); Random Forest; and
Deep Learning, such as Convolutional Neural Networks [2,4].

Regarding the recent curiosity about ML, fewer investigations into integrating this
technology exist, but it has been proven that it has advantages. Incorporating a non-fixed
machine learning algorithm is better than other algorithms [4]. They can handle large and
complex datasets, “learn” from data, constantly improve their performance, and identify
patterns and relationships in data that may not be readily noticeable with traditional
methods. To better understand the integration of ML algorithms in devices, the process
includes several steps: (1) collection of raw data; (2) filtering the noise/cleaning the data;
(3) applying extraction techniques; (4) training the dataset; and (5) applying the model.
The training process involves adjusting the model’s parameters to reach a prediction with
a higher accuracy score when compared to the actual output. Once the model has been
trained with attention, it can predict unknown data [41].

In Abdollahi et al.’s [3] study, the authors reached the conclusion that the NN and SVM
models were the most used but also showed consistently high performance when applied
to smart insole data. These two models are more effective and suitable for smart insole
applications. Employing force and pressure sensors with associated signal processing
algorithms in smart insole devices has been well explored. The change in foot pressure
when standing, walking, and exercising has proven valuable in gait studies. Also, some
studies demonstrated that the integration of ML to classify and recognize activities achieved
high accuracies [2]. In Yamaguchi et al.’s [42] study, a regression model was applied in
a shoe sole sensor system to predict GRF. The results were compared with the values
obtained in a force plate and the authors observed a 15% lower root-mean-square error
(RMSE).

4.6. Limitations

This review synthesizes information from 39 studies focused on smart insole proto-
types, with some of them integrating AI and wireless technologies. The potential impact of
these studies on healthcare and other fields is significant. However, several limitations must
be acknowledged. The level of detail provided by the original studies varies significantly,
particularly in terms of dataset size, subject diversity, sensor calibration methods, and real-
time validation. As a result, it was not always possible to provide a structured comparative
analysis of all key parameters such as model performance metrics, dataset characteristics,
or overfitting risks. Additionally, many studies were conducted in controlled environments,
which may limit generalizability to real-world conditions. Finally, various prototypes were
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evaluated in research settings, and few have undergone clinical trials or large-scale user
testing, which are critical steps toward commercialization and long-term adoption.

5. Future Directions

In a number of studies, significant issues have been identified, and connections have
already been established. For instance, in 2012, Razak et al. [38] highlighted the necessity
of a wireless system to deliver real-time and dependable foot plantar pressure data. The
proposed solution to address the common issue was to minimize the hardware size and
embed it within the shoe’s insole along with the entire sensor. This detailed proposal called
for a low-power, wearable wireless system, utilizing customized micro-electromechanical
(MEMS) sensors and interfacing them with a data acquisition (DAQ) unit, to be integrated
into the insole.

Another crucial specification in developing insoles is extending battery life; if this is
achieved, it will enable continuous data collection for prolonged periods without requir-
ing frequent recharging. To improve it, the focus on data storage constraints should be
associated with the previous obstacle. The insoles should be able to stream data directly
to the cloud during data collection [3]. In another study, some solutions were presented
to improve these kinds of devices. An ideal smart insole includes a low-power consump-
tion or self-sustainable system and presents biocompatibility [1]. For example, the most
prominent issue in OpenGo and F-Scan models is their limited battery life, which allows
for continuous data collection for only approximately two hours. As many wireless smart
insoles require a connection to a device, such as a smartphone or PC, for data storage, some
insoles, like OpenGo, can save data locally and transfer it later. However, they face the
limitation of a determined local memory space, making continuous data collection diffi-
cult [3]. To solve this problem, AI algorithms can actively optimize the power consumption
of wearable sensors. This can be achieved by reducing the amount of data transmitted and
stored, as well as improving the efficiency of the algorithms that process the data [41].

Another significant concern in smart insole development is the need for a comprehen-
sive and diverse dataset. For instance, to achieve ‘high-accuracy’ results, it is crucial to
ensure that experiments are conducted in fully controlled environments and that subjects
perform activities according to proper instructions. However, a significant issue is the
limited number of subjects and their diversity. If all the above conditions are met, the ML
models may be overfit to achieve high performance due to the limited data. On the other
hand, when these models are applied to new subjects in uncontrolled environments such
as daily life, accuracy may decrease abruptly [2]. To overcome this, simulating real-life
scenarios in labs for semi-controlled and uncontrolled trials could be a valuable solution [2].
Therefore, it is essential to evaluate the effectiveness of a technique when deployed in a
population that has not yet been validated. It is wrong to assume that a model trained
and tested on impaired participants will have identical results as the same model trained
and tested on healthy participants [37]. Gathering data from different regions, countries,
industries, and activities to improve the accuracy, effectiveness, and robustness of models
in smart insole applications is crucial for increasing the size and diversity of datasets [3].
However, if there is insufficient information, data augmentation can generate more data to
overcome size limitations in the database without the need for additional experiments [2].

As smart insoles advance toward real-time monitoring and AI-driven analysis, ethical
and data privacy concerns must be carefully considered. Continuous tracking of gait
patterns, plantar pressure, and related biomechanical data constitutes sensitive personal
information that can reveal health status, physical conditions, or behavioral patterns. There-
fore, ensuring informed consent, transparency in data usage, and secure data transmission
and storage is essential. Compliance with data protection regulations should be a baseline
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requirement in both research and commercial applications. Furthermore, future develop-
ments should explore privacy-preserving techniques, such as on-device processing, data
anonymization, and federated learning, to minimize the risks associated with centralized
data collection. Addressing these challenges proactively will help ensure the responsible
and ethical deployment of AI-powered smart insole systems across clinical, occupational,
and personal settings.

As previously stated, and supported by the references in this document, the integra-
tion of ML techniques holds significant potential to revolutionize wearable technology,
particularly in smart insole devices. Fazio et al. [1] confirmed in their study the existence of
an algorithm that automatically detects the sensor’s position and calibrates it to achieve
the best output. However, the deployment of many of these techniques is hindered by
hardware limitations. Therefore, further research and investigation are necessary to explore
other techniques, develop models that integrate multiple modalities, and determine their
application and performance [3]. Another crucial aspect is the creation and application of
specific subject models. This method suggests that current regression models may learn
person-specific patterns rather than broader occurrences. This likely results from the small
sample sizes used for model training in many of the reviewed studies [37]. Future work
should emphasize the development of open-source algorithms that are validated in clin-
ically impaired populations. This will likely enhance estimation performance, ensuring
confidence in predictions and decisions, while reducing barriers and gaining trust from
both medical professionals and patients [41]. Open-sourcing subject-general models will
also allow the interest and integration of diverse professionals from other fields of study in
a multidisciplinary research team. Open-source data, as well as open-source code, in future
studies would help accelerate the development of these techniques [37].

Other aspects must be addressed and suggested to develop an ideal device as already
explored by the research team [39]: (1) the possibility of manufacturing an invisible and
comfortable insole with a thin, textile, and soft design, with high durability, bio-degradable
material and appropriate to most applications; (2) user-friendliness with the integration
of a more straightforward software and compatible with other devices; (3) availability for
the everyday user, offering a reliable and low-cost device; (4) ability to provide analysis
in real time with a proper time response; (5) using an adequate number of sensors with
consideration of battery life; (6) a database with different feet (size number, type, and
pathology) and the ability to analyze instantly and provide the position of each sensor;
(7) selection of the best type of sensors with higher precision, efficiency, and durability and
assembling it according to the application(s); (8) giving the user the possibility to remove
and reuse the sensors in other shoe insole sizes.

6. Conclusions

Integrating AI, specifically using ML techniques and algorithms, in smart insole
prototypes has shown promising results, significantly improving performance, reliability,
and accuracy. This is concluded based on the results, both experimental (offline) and in real-
time contexts, presented in the different works that were considered for this investigation.
This systematic review provides a comprehensive overview of current methodologies,
identifying key trends and future directions for research. The importance of continued
innovation and rigorous testing cannot be overstated. It is these efforts that are essential to
fully realize the potential of AI-driven smart insoles, which capture different biomechanical
data crucial to enhancing foot health and overall well-being.
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Abbreviations

The following abbreviations are used in this manuscript:

AI Artificial Intelligence
AML Action Manifold Learning
ANT Adaptive Network Topology
BLE Bluetooth Low Energy
BN Bayes Net
CAN Controller Area Network
CDC Capacitance-to-Digital Converter
CNT Carbon Nanotube
CoP Center of Pressure
DAQ Data Acquisition (Board)
DIC Digital Image Correlation
DT Decision Tree
EMG Electromyography
EVA Ethylene–Vinyl Acetate
FSR Force Sensing Resistor
GB Gradient Boosting
GPS Global Positioning System
GRF Ground Reaction Forces
HSPA High-Speed Packet Access
HW Hammerstein–Wiener
IBK Instance-Based Learner
IMU Inertial Measurement Unit
K-NN k-Nearest Neighbors
LDA Linear Discriminant Analysis
Li-Po Lithium Polymer
LSTM Long Short-Term Memory
LTE Long-Term Evolution
MCU Microcontroller Unit
MEMS Micro-Electromechanical Sensors
ML Machine Learning
MTB Microcontroller Tactile Board
MUX Multiplexer
NB Naive Bayes
NB-IoT Narrowband Internet of Things
NFC Near-Field Communication
NN Nearest Neighbor
NNs Neural Networks
PC Personal Computer
PCB Printed Circuit Board
PDMS Polydimethylsiloxane
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PETG Poly(ethylene terephthalate)-glycol
PETG + CF Poly(ethylene terephthalate)-glycol with Carbon Fibers
PETG + KF Poly(ethylene terephthalate)-glycol with Aramid Fiber
PEVA Ethylene-Vinyl Acetate Copolymer
PLA Poly(lactic) Acid
PVC Polyvinyl Chloride
RF Random Forest
RGB Red–green–blue
RNN Recurrent Neural Networks
SITUG Smart Insole Timed Up and Go (system)
SMO Sequential Minimal Optimization
STAMPS Strain Analysis and Mapping of the Plantar Surface
SVM Support Vector Machine
TENG Triboelectric Nanogenerators
TPU Thermoplastic Polyurethane
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Abstract: Twisted string actuators, which are an emerging artificial muscle, efficiently convert rotary
motor motion into linear load movement, with advantages like high transmission ratio, compliance,
simple structure, and long-distance power transmission. However, the limited range of transmission
ratio adjustment remains a challenge. Thus, this paper introduces a novel twisted string actuator design
that automatically and continuously adjusts its transmission ratio in response to external loads. Utilizing
lightweight hyperelastic slender rods, the twisted string actuator with continuously variable transmission
achieves a simple, compact, and cost-effective design. By manipulating the distance between two twisted
strings through rod deformation, the transmission ratio continuously adapts to varying load conditions.
Mathematical models of the twisted string actuator with continuously variable transmission are derived
and experimentally validated, demonstrating a 2.1-fold transmission ratio variation from 0.1 kg to
1.5 kg loads. Application in an anthropomorphic robot finger showcases a 6.2-fold transmission ratio
change between unloaded and loaded states. Our twisted string actuator with continuously variable
transmission offers unparalleled advantages in weight, cost, simplicity, compliance, and continuous
transmission ratio adjustability, making it highly suitable for robotic systems.

Keywords: twisted string actuator; continuously variable transmission; anthropomorphic robot finger

1. Introduction

In robotic systems, the need for versatility means that robots often operate under
varying conditions. For instance, when lifting heavy objects, a robot requires greater torque
output, while for rapid movement, a higher speed output is necessary. A standalone motor
excels at high efficiency under high speeds with low-torque conditions, but its performance
deteriorates when high torque is required at low speeds. To enhance the motor’s load
capacity while maintaining efficiency under high-torque conditions, it is common to pair the
motor with a gearbox. However, this configuration often results in a significant reduction
in speed under low-torque conditions. To simultaneously meet the demands for high
speed and high torque, it is often necessary to use a motor with excessive power, which
can lead to power redundancy and increased energy consumption. The development
of continuously variable transmission (CVT) mechanisms is essential in enabling robotic
systems to achieve both high-speed motion and substantial load capacity, thereby enhancing
actuator efficiency [1]. Various CVT devices have been devised, encompassing wheel-type
CVT, belt CVT, chain CVT, toroidal CVT, and spherical CVT, among others [2–5]. Each
variant offers distinct approaches to achieving continuous variation in transmission ratio
(TR), each with its own set of advantages and constraints.
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Twisted string actuators (TSAs) represent a noteworthy soft actuator type, comprising
one or more strings, an electric motor, and a load. They adeptly convert rotational motion
from the motor into linear motion by winding the string(s). Owing to their straightforward
design, high TR, substantial output force, and compliance, TSAs have found applications
in a myriad of fields, including robotic hands, rehabilitation robots, and soft robots [6,7].
TSA effectively combines the functionalities of a motor and a gearbox, allowing it to
operate efficiently under low speed with high-torque conditions; however, it operates
within a relatively narrow efficient range. Thus, optimizing TSA performance necessitates
integration with a CVT mechanism to tailor its TR in accordance with operational loads,
typically achieved through modifications in string radius, string distance, or input torque.

Shin et al. [8] pioneered a passive dual-mode transmission mechanism rooted in
TSA principles. In force mode, strings intertwine, while in speed mode, they rapidly coil
around a thick shaft, effectively augmenting the string’s radius. Despite offering a wide
transmission ratio range, mode switching is beset by uncertainty owing to time-varying
friction, leading to significant energy loss. To mitigate this challenge, the team proposed
an active dual-mode variable transmission (VT) by incorporating a secondary motor [9].
However, this solution comes at the expense of compliance and introduces complexity.
Furthermore, the dual-mode VT merely offers discrete TR levels, lacking continuous adjust-
ment. Lu et al. [10] realized continuous automatic TR adjustment predicated on external
load variations by compressing springs to varying extents, thereby inducing the string to
wind around a shaft of variable radius. Nevertheless, their mechanism, characterized by
a complex architecture and friction-induced energy losses, presents notable drawbacks.
Additionally, Park’s team [11] devised an elastomeric CVT-based TSA for automatic TR
adjustment based on load size. Unlike Lu et al., they achieved continuous TR adjustment by
modulating the input torque of the string according to the external load, accomplished by
compressing the elastomer linked to the string’s end. Nonetheless, the torque transmission
pathway, from the motor through spur gears to a rigid lateral disc, reliant on friction
between the disc and elastomer, harbors the risk of energy dissipation, silicon abrasion, and
slippage. Consequently, its viability for large robot devices is compromised by the inherent
friction limitations of the elastomer. Similarly, Shin et al. [12] engineered a CVT-based TSA
by manipulating the input torque of the string in response to the external load. While their
CVT delivers a twofold increase in TR compared to Park’s team’s, its highly intricate and
bulky nature renders it unsuitable for lightweight robots.

In the pursuit of a lightweight and simplistic TSA with a CVT system, Ryu’s team [13]
introduced a passive TSA with CVT that adjusts TR by varying the distance between
two strings using springs, contingent on external load fluctuations. Despite its relatively
lightweight and straightforward design, the spring-based CVT still suffers from enlarged
dimensions, rendering it less conducive for small robots. Moreover, to achieve continuous
active TR adjustment, the team devised an active-type TSA with CVT employing plan-
etary gears [14]. However, the incorporation of planetary gears and a secondary motor
amplifies system weight, size, and cost, at the expense of compliance. Notwithstanding
the plethora of TSA-based VTs developed, there persists a demand for a VT that is exceed-
ingly lightweight, mechanically simple, compact, cost-effective, intrinsically compliant,
continuous, and suitable for both small- and large-scale robotic applications.

To address this imperative, we present a novel TSA with CVT capable of continuously
adjusting TR by modifying the distance between two twisted strings in response to external
load variations. Our CVT comprises solely a pair of extremely lightweight hyperelastic
slender rods, measuring a mere 1 mm × 1 mm × 32 mm, weighing 0.22 g, and costing only
USD 0.041. Its TR undergoes a 2.1-fold variation as the load transitions from 0.1 kg to 1.5 kg.
Comparative analysis against existing TSA-based VTs in Table 1 underscores our proposed
TSA with CVT as the option that is lightest, simplest in structure, and most cost-effective.
Furthermore, it boasts compliance and continuity, rendering it suitable for a plethora of
robotic tasks across various scales. The proposed novel TSA with CVT system design
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significantly enhances the operational capabilities and broadens the potential applications
of TSAs in diverse robotic contexts.

Table 1. The performance comparison with other existing TSA-based VTs.

TSA-Based VT
Types

Weight
of VT
(g)

Size of VT
(mm*mm
*mm)

Complexity of
VT’s Structure

Cost
of VT
($)

Compliant? Continuous? Range of TR
Adjustment

Our CVT 0.22 1*1*30 Very simple 0.041 Yes Yes 2.1 times

Dual-mode Pas-
sive [8]

>10 - Moderate >1 No No -

Dual-mode Ac-
tive [9]

>29.6 69.2*19.5*15 Complex >214 No No 6.95 times

PVT [13] 80 >15*40*80 Simple >1 Yes Yes <2 times

ElaCVT [11] 12 24*24*42 Complex >10 Yes Yes 2.31 times

Pat-CVT [12] 1400 85*120.5*115 Very complex >10 Yes Yes 4.6 times

Active CVT [14] 133.6 45*45*129 Complex >232 No yes 1.78 times

LAHM [10] >10 14*14*67 Complex >1 Yes Yes 2.1 times

The subsequent sections are structured as follows: Section 2 elucidates the proposed
design concept and operational mechanism of the TSA with CVT. Section 3 gives a theoreti-
cal analysis of the TSA with the CVT system. In Section 4, we delineate an experimental
setup aimed at validating the efficacy of the proposed mechanism and the established
theoretical model. Finally, in Section 5, we demonstrate the application of the proposed
TSA with CVT to an anthropomorphic robot finger.

2. Concept of the Proposed TSA with CVT

Actuators employed in robotic systems are expected to exhibit a smaller TR for swift
motion when operating without a load and a larger TR for delivering substantial supporting
force at lower speeds when subjected to a load. To achieve this objective, we propose a TSA
with CVT that automatically adjusts its TR according to the load weight. The structure and
mechanism of the proposed TSA with CVT are illustrated in Figure 1. The proposed TSA
with CVT consists of a pair of CVTs (CVT1 and CVT2) integrated within the TSA framework.
CVT1 is linked to the motor’s output shaft, while CVT2 is connected to the load. Both
CVT1 and CVT2 comprise hyperelastic rods, interconnected by two strings. When CVT2
bears a lighter load, it undergoes minimal deformation. The distance between the strings
is large, allowing rapid contraction, resulting in a small TR. Conversely, under heavier
loads, CVT2 undergoes bending deformation, reducing the distance between the strings and
slowing down the contraction speed, thereby increasing the TR and enhancing load capacity.
As the load magnitude increases, the bending deformation of CVT2 intensifies, resulting in
a smaller string distance, further increasing the TR and enhancing the load capacity.
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Strings

Small load

Motor

CVT1

(a) (b) (c)

D2

Large load

CVT2

D0 D1

Figure 1. The TSA with a CVT mechanism. (a) The state without load. (b) The state with a small load.
(c) The state with a large load.

3. Theoretical Analysis for the Proposed TSA with CVT

In this section, we develop a mathematical model for the proposed TSA with CVT that
describes the relationship between input and output displacements, thereby characterizing
the TR of the entire system. Additionally, we verify the effectiveness of the proposed TSA
with CVT through theoretical computational results.

3.1. Mathematical Model

The proposed TSA with CVT is a combination of TSA and CVT. Notably, the conven-
tional mathematical model for TSA initially assumes the strings to be rigid, overlooking
the fact that the strings possess stretchable properties. While the conventional model sim-
plifies the modeling process, it compromises the model’s precision. Consequently, in our
modeling approach, we consider the strings to be stretchable, with an associated stiffness
coefficient denoted as K. Furthermore, we consider the CVT as a hyperelastic material,
assuming its deformation to be within its elastic range and characterized by a constant
elastic modulus E. To avoid an abrupt contraction of strings leading to an uncomfortable
linear motion of load, the string is pre-twisted half a turn, as illustrated in Figure 2a. Once
this pre-twisting is applied, we can calculate the initial distance, denoted as X0, which
represents the vertical distance between the connection points of the two CVTs and the
strings on the same side, using the following formula:

X0 =
√

L2
0 − D2

0 (1)

where L0 represents the initial length of the string without load force and D0 is the initial
distance between the ends of the CVT and the string connection without load force. When
a workload is attached to CVT2, as depicted in Figure 2b, the strings experience tension,
causing them to stretch from L0 to L1. This simultaneously induces bending deformations
in CVT1 and CVT2, leading to a reduction in the distance between the ends of the CVT and
the string connection from D0 to D1 and an increase in the vertical distance between the
connection points of the two CVTs and the string on the same side from X0 to X1.
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Figure 2. The proposed TSA with CVT, pre-twisted half a turn, for initial state without load (a) and
with load (b). (c) The state with load after the motor makes a certain number of turns θ. (d) Force
analysis for CVT1.

As the motor rotates by an angle of θ, the strings undergo a corresponding twisting
motion, forming a cylindrical shape with a radius of rθ in their midsection, as depicted in
Figure 2c. This results in an increase in the tension experienced by the strings, causing their
axial length to transition from L1 to Lθ . Concurrently, CVT1 and CVT2 undergo further
bending, resulting in a transition of the distance between the ends of the CVT and the
string connection from D1 to Dθ . Ultimately, this leads to a decrease in the vertical distance
between the connection points of the two CVTs and the strings on the same side to Xθ ,
thereby inducing a linear motion of the load denoted by ΔXθ . Lθ can be calculated by

Lθ = L0 +
Fθ

K
(2)

Fθ =
Fz

2 cos αθ
(3)

where Fθ represents the axial tension of the string when it is twisted by an angle of θ, and
Fz represents the load force. Additionally, αθ is the angle between the string and the motor
axis direction when it is twisted by an angle of θ. We assume that the helix angle of the
formed cylinder is evenly distributed across the twists of the strings; thus, the helix angle
equals the angle between the string and the motor axis direction, αθ . Now suppose one of
the strings is the unwound geometry of a cylinder, as shown in Figure 2c;

cos αθ =
Xθ√

X2
θ + (Dθ + rθ + θrθ)

2
(4)

Xθ = Lθ cos αθ = L0 cos αθ +
Fz

2K
(5)

The assumption of variable string radius was proved in [15]. However, given the
elasticity of the strings, which experience deformation under tension, we have taken into
account the impact of the applied load force on the radius. As a result, we approximate
the radius rθ of the cylindrical shape formed by the middle section of the strings using the
following relationship:

rθ =

(
1

k1Fz
+ k2 + k3

√
X0/Xθ

)
r0 (6)

where k1, k2, and k3 represent approximation coefficients that depend on the structure and
mechanical properties of the strings, and r0 stands for the diameter of the string when they
are in an unloaded state.
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To determine Dθ , we conduct a force analysis on CVT1, as depicted in Figure 2d.
CVT1 is fixed to the motor’s output shaft via a fixture of width c. The two ends of CVT1
experience bending deformation due to the tension in the two strings. Here, CVT is
considered as a slender rod with a diameter d, which allows for the force and deformation
characteristics of CVT1 to be likened to those of two symmetric cantilever beams, each
subjected to concentrated loads at their endpoints. Therefore, we opt to analyze the force
and deformation on the right half of CVT1. Select the center point of the right end face
of the fixture as the coordinate origin O and assume that the entire assembly reaches
equilibrium after the strings have twisted through an angle θ. We define the horizontal
distance from any point C on the right half of CVT1 to O as x and the vertical distance to O
as y. The resulting deformation of the bending curve satisfies the following flexural curve
differential equation:

d2y/d2x

(1 + (dy/dx)2)
3/2 =

M
EI

(7)

where M represents the moment experienced at point C and I is the moment of inertia of
the cross-section, where I = πd4

64 .
Point Aθ is the connection point between CVT1’s right end and the string, bearing

a concentrated load Fθ applied by the string. Let xθ denote the horizontal distance from
point Aθ to the origin O, and let yθ represent the vertical distance from point Aθ to the
origin O. Thus, the coordinates of point Aθ can be expressed as (xθ , yθ). By breaking down
the tension Fθ at point Aθ into horizontal force Fxθ and vertical force Fxθ , we have{

Fyθ = Fz/2
Fxθ = Fz tan αθ/2

(8)

Consequently, the moment M experienced at point C can be calculated as follows:

M = Fyθ(xθ − x) + Fxθ(yθ − y) (9)

Assuming that the shape of the right half of CVT1 forms a quadratic curve after
deformation, the relationship between y and x is as follows:

y = ax2 (10)

where a is the coefficient of the quadratic curve. Substituting (8)–(10) into (7), we obtain

2aEI

(1 + 4a2x2)
3/2 = Fyθ(xθ − x) + Fxθ

(
ax2

θ − ax2
)

(11)

Assuming that the length of the right half of CVT1 remains unchanged before and
after deformation, we have

2
∫ xθ

0

√
1 + (2ax)2dx + c = D0 (12)

Finally, the load contraction of the proposed TSA with CVT, represented by ΔXθ , can
be expressed as

ΔXθ = X1 − Xθ − 2Δyθ = X1 − Xθ − 2(yθ − y1) (13)

where y1 represents the vertical distance between point Aθ and point O when the strings
with load are twisted by half a rotation, and Δyθ is the distance by which point Aθ

moves downward when the strings with load twist from half a rotation to θ. By solv-
ing Equations (5), (11) and (12) together, we can determine the values of Xθ and yθ . Setting
θ = π in these equations allows us to solve for X1 and y1. Further, we can resolve ΔXθ .
Thus, the TR of the proposed TSA with CVT is expressed as follows:

TR =
1

∂(ΔXθ)/∂θ
(14)
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3.2. Theoretical Results

We validate the effectiveness of the proposed TSA with CVT through theoretical
analysis. Theoretical computational results depicting how the TR varies with the number
of motor turns under various loads Fz are presented in Figure 3. The parameters utilized
in the theoretical model are outlined in Table 2. It is observed that as the number of
motor turns increases, the TR gradually decreases, consistent with the findings of Ryu’s
team [13]. Additionally, under the same number of motor turns, the TR increases with
increasing workload, which is particularly noticeable with lower loads. Under the initial
condition of half a turn pre-twist, the TR increases from 2.95 rad/mm to 4.83 rad/mm
with the load ascending from 1 N to 15 N, marking a 1.6-fold increase. Moreover, with a
pre-twist of 7.5 turns from the initial state, the TR surges from 0.59 rad/mm to 1.89 rad/mm,
demonstrating a 3.2-fold rise under the corresponding load conditions. For lighter loads,
the TSA with CVT demonstrates lower TR, resulting in faster contraction speed. Conversely,
for heavier loads, the TSA with CVT shows higher TR, leading to slower contraction speed
but enhanced load capacity. Thus, the effectiveness of the designed TSA with CVT is
theoretically confirmed.

Figure 3. Theoretical TR of the proposed TSA with CVT varied with the number of turns of the motor
and load Fz.

Table 2. The parameters used in theoretical model.

L0

(m)
D0

(m)
c

(m)
r0

(m)
d

(m)
K

(N/m)
E

(GPa)
k1

(1/N)
k2 k3

0.097 0.032 0.006 0.0015 0.001 1370 37 7.1 0.22 0.224

4. Performance Evaluation for the Proposed TSA with CVT

In this section, we develop an experimental setup to test the performance of the
designed TSA with CVT and experimentally confirm the effectiveness of the proposed TSA
with the CVT mechanism. Additionally, we validated the previously established theoretical
model by comparing the experimental and theoretical values of TSA’s contraction.

4.1. Experimental Setup

Figure 4 showcases the experimental setup utilized to assess the TR change capability
of the TSA with CVT under varying loads. The key components of the setup included a
direct current (DC) motor (Maxon DCX16L) controlled by an RMDS-405 motor driver, a
pair of CVTs (CVT1 and CVT2), two strings, a load, a linear guideway (Hiwin, MG), and
a linear variable differential transformer (LVDT, W-DC) with a stroke of 20 cm. The DC
motor was horizontally mounted on a frame and operated via the RMDS-405 motor driver.
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The load and LVDT were securely affixed to the linear guide. We conducted experiments
using parameters consistent with those listed in Table 2. For the CVTs, two Ni-Ti memory
alloy rods with a diameter of 1 mm, a length of 32 mm, and an elastic modulus of 37 Gpa,
exhibiting superelastic characteristics, were utilized. CVT1 was connected to the output
shaft of the motor using a 6 mm wide fixture, while CVT2, also with a 6 mm wide fixture,
was positioned parallel to CVT1 on the linear guide. Two braided ultra-high-molecular-
weight polyethylene (UHMWPE) fiber strings, each with a diameter of 1.5 mm, an initial
length of 97 mm without external loads and a stiffness coefficient of 1370 N/m, were
employed for the TSA. These strings were connected at either end of CVT1 and CVT2 in
parallel to the motor’s axis. To prevent sudden load movement, the strings were pre-twisted
half a turn. Subsequently, the motor drove CVT1 to continuously rotate with a constant
speed of 12.5 rpm/min for 7.5 turns under different loads.

CVT2CVT1

Strings

Batter

LVDT

Load

Motor Motor driver

Figure 4. The test platform for the properties of TSA with CVT.

4.2. Results

The performance test results of the proposed TSA with CVT are illustrated in Figure 5.
In Figure 5a, the experimental and theoretical load contractions for the proposed TSA with
CVT are depicted, showcasing variations in the number of motor turns across different
loads. The tension parameters used in our models were experimentally measured from
the materials employed in the actuator, ensuring that they accurately reflect the material
properties under operating conditions. For the deformation parameters in the theoretical
modeling, we utilized a curve-fitting approach based on experimental data to derive these
values. It is observed that as the number of motor turns increases, the load contraction
gradually increases. Under the same number of motor turns, the load contraction decreases
with an increasing workload, which is particularly evident with a higher number of turns.
The TSA with CVT exhibits maximum contractions of 34.9 mm, 22.1 mm, and 16.64 mm
when carrying workloads of 0.1 kg, 0.5 kg, and 1.5 kg, respectively. Comparing load
contraction, there is a 36.7 % decrease from 0.1 kg to 0.5 kg a 24.7 % decrease from 0.5 kg
to 1.5 kg, and a 52.3 % decrease from 0.1 kg to 1.5 kg. The TSA with CVT exhibits greater
sensitivity to load variations between 0.1 kg and 0.5 kg compared to between 0.5 kg and
1.5 kg.
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(b)

(a)

Figure 5. The performance test results of the proposed TSA with CVT. (a) The experimental and
theoretical load contractions for the proposed TSA with CVT varied with the number of turns of the
motor, maintaining a constant output speed of 12.5 rpm/min while carrying workloads of 0.1 kg,
0.5 kg, and 1.5 kg, respectively. (b) The experimental and theoretical average contraction speed
of the load and average TR varied with the load, maintaining a constant motor output speed of
12.5 rpm/min.

Additionally, Figure 5b illustrates experimental and theoretical data concerning the
average contraction speed of the load and the average TR as they vary with the load.
The average contraction speed of the load represents the TSA’s operational speed, and
the operational speed of the TSA is inherently linked to the TR, which is the ratio of the
motor speed to the load movement speed. When the motor operates at a constant speed,
an increase in the TR results in a decrease in the TSA’s operational speed. Firstly, we
can find that the theoretical average contraction speed of the load and the average TR
closely align with experimental results. Moreover, there is a decreasing trend in the average
contraction speed of the load with increasing workload, while the average TR of the TSA
with CVT exhibits a corresponding increase with workload. Under loads of 0.1 kg, 0.5 kg,
and 1.5 kg, the TSA with CVT demonstrates experimental average contraction speeds of
0.97 mm/s, 0.61 mm/s, and 0.46 mm/s, respectively. Correspondingly, the experimental
average TR varies at 1.35 rad/mm, 2.13 rad/mm, and 2.83 rad/mm for these respective
loads. Notably, under a 1.5 kg load, the experimental contraction speed diminishes to 47.4%
of that observed under a 0.1 kg load, while the average TR increases to 2.1 times. When the
load is lighter, the TSA with CVT demonstrates reduced TR, facilitating quicker contraction
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rates. Conversely, under heavier loads, the TSA with CVT displays elevated TR, resulting
in slower contraction rates but increased load capacity.

This phenomenon is demonstrated in Figure 6, which presents snapshots of the TSA
with CVT carrying loads of 1 kg, 0.5 kg, and 1.5 kg in the initial state with half a turn of
pre-twist with the load (Figure 6a) and subsequent to being twisted 7.5 turns from the
initial state (Figure 6b). In Figure 6a, it is observed that when the load is 0.1 kg, the CVT
undergoes minimal deformation in the initial state, with the distance between the ends
of the CVT and the string connection (D) being 32 mm. With increasing turns, D remains
almost unchanged, indicating that the CVT effectively operates as if under a fixed offset of
32 mm, resulting in relatively faster contraction speeds. When the load is 0.5 kg, there is
a slight change in the CVT from 32 mm to 31 mm in the initial state, indicating a smaller
change compared to the 0.1 kg load. However, as the turns increase, the tension on the
string gradually increases, causing the CVT to bend and D to decrease while increasing
the downward displacement (Δyθ) of the ends of the CVT and the string connection.
D decreases to 28.9 mm after 7.5 motor turns. The comprehensive effect of load contraction
resulting from both the contraction of the string (X1 − Xθ) and the downward displacement
of the CVT (Δyθ) due to bending, is described by Equation (13). A larger (X1 − Xθ) leads to
faster load contraction, while a larger Δyθ results in slower load contraction. As D decreases
with increasing turns, accompanied by an increase in Δyθ , there is a dual reduction in the
load contraction speed, which becomes more pronounced with higher load. When the
load increases to 1.5 kg, the CVT exhibits significant initial bending, reducing D to 29.2
mm, which further decreases to 25.9 mm after 7.5 motor turns, resulting in even slower
load contraction. Therefore, the experiments demonstrate that the proposed TSA with CVT
can automatically adjust TR according to external load variations to meet the system’s
requirements.

(a) (b)

0.1kg

0.5kg

1.5kg

Figure 6. Snapshot of TSA with CVT carrying workloads of 0.1 kg, 0.5 kg, and 1.5 kg. (a) In the initial
state and pre-twisted half a turn with the load. (b) After being twisted 7.5 turns from the initial state.

Moreover, from Figure 6a, it is evident that our established theoretical model aligns
well with experimental results. While the theoretical model almost coincides with experi-
mental data for a 0.1 kg load, there are slight deviations for 0.5 kg and 1.5 kg loads during
the initial twisting stage, likely due to gaps within the braided string and the nonlinear-
ity of the elastic modulus of the superelastic materials used in the CVT under a higher
load. Overall, our established model effectively predicts the load contraction of TSA with
CVT. This model serves as a valuable theoretical tool for analyzing and optimizing the
performance of TSA with CVT.

5. Application for an Anthropomorphic Robot Finger

In this section, we apply the proposed TSA with CVT to an anthropomorphic robot
finger and test its adaptability to the external load, further validating the practicality of the
proposed TSA with CVT.
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5.1. Design and Working Mechanism

Figure 7 illustrates the design principle of the proposed anthropomorphic robot finger
with the proposed TSA with CVT. The anthropomorphic robot finger comprises a 3D-
printed finger including four links and three rotating joints, and the TSA with the CVT
system. Link 0 is fixed, while links 1, 2, and 3 can rotate around joints 1, 2, and 3 respectively,
with all three joints equipped with elastic rings to provide resilience. To prevent rotation
at the output end of the CVT system, only a superelastic rod is employed near the motor
end, while a fixed offset is utilized near the load end. The output end of the CVT system is
connected to the fingertip via a tendon. The finger’s flexion is driven by the contraction
force of the strings when the motor twists them, while the extension is achieved through
the rebound force of the elastic rings at joints when the strings are untwisted.

Joint 3

Joint 2

Joint 1

Motor

Strings

Tendon

Link 1

Link 0

Link 2

Link 3

Fixed 
offset

CVT

ΔX

(b)

φ1

φ2

Object

(a)

Deformed CVT

Figure 7. The design principle of the proposed anthropomorphic robot finger with the proposed TSA
with CVT. (a) The initial state for pre-twisted half a turn without load. (b) The state after grasping
the object.

The mechanism of the anthropomorphic robot hand with proposed TSA with CVT
operates as follows: when the finger is not in contact with a load, the contraction force
of the strings is minimal, and the CVT remains nearly unchanged. The distance between
the strings is large, allowing rapid contraction, resulting in a small TR, thereby enabling
the finger to quickly make contact with an object. Once the finger contacts an object, the
contraction force of the strings increases, causing the CVT to bend and deform, reducing
the distance between the strings and slowing down the speed of contraction. Consequently,
the TR of the entire system increases, resulting in slower grasping speed but enhanced
gripping capability. As the load increases, the degree of bending and deformation of the
CVT becomes more pronounced, further reducing the distance between the strings and
increasing the overall TR. Therefore, the anthropomorphic robot finger can adjust its TR
according to the operational load conditions.

5.2. Performance Evaluation

To assess the TR change capability to a variable load of the proposed anthropomorphic
robot finger, we designed an experimental setup as depicted in Figure 8. The motors (Maxon
DCX16L) equipped with encoders (Maxon ENX16) were controlled using an RMDS-405
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driver. The distance between the strings with a fixed offset is 30 mm. A superelastic Ni-Ti
memory alloy rod with an initial length of 30 mm and a diameter of 1 mm was employed
for CVT. The distance between the fixed offset and CVT is 86 mm. The string diameter is
1.5 mm. Given the varied motion trajectories inherent to underactuated robot fingers and
the experimental objective of evaluating their capability to adapt to variable loads, joints
1 and 3 were immobilized, allowing only joint 2 to rotate freely. Consequently, an angle
sensor (Inertial Measurement Units; IMUs) was affixed to link 3 to monitor the real-time
flexion angle of link 2 around joint 2. A spring, connected at one end to the fingertip and at
the other end to a tension sensor (SBT674 with a force of 50 N) secured on the frame, was
utilized to provide the loading force. To prevent sudden finger movements, the string was
pre-twisted half a turn. Subsequently, the motor drove the CVT to continuously rotate with
a constant speed of 60 rpm/min for 8.5 turns. This caused link 2 to gradually rotate around
joint 2 from a vertical position, gradually stretching the spring from its relaxed state. Both
the IMU and tension sensor concurrently recorded data throughout the entire process.

Power

Motor

CVT

Strings

Motor driver

Spring

Robot finger

IMU

Tension sensor

Fixed offset

Figure 8. Experimental setup to evaluate the proposed anthropomorphic robot hand.

The findings, presented in Figure 9, encompass various facets of the experiment.
Figure 9a, from top to bottom, shows the number of motor turns, the distance between the
ends of the CVT and the string connection, the fingertip force provided by the spring, and
the flexion angle of rotation of link 2 of the finger around joint 2 over time, respectively.
Figure 9b showcases the sequential motion states of the proposed anthropomorphic robot
hand at time intervals of 0 s, 3.8 s, and 8.6 s (further details in https://1drv.ms/v/s!
AgaftTaT7Nn_gQKCWWQmciREtH1j?e=Z5P5xD (accessed on 25 September 2024)).
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(a)

t=3.8 s t=8.6 st=0 s

(b)

Figure 9. The results of the adaptability assessment of the proposed anthropomorphic robot hand.
(a) illustrates the number of turns of the motor, the distance between the ends of the CVT and the
string connection, the fingertip force provided by the spring, and the flexion angle of rotation of
link 2 of the finger around joint 2 over time with a constant motor output speed of 60 rpm/min,
respectively. (b) displays the motion states of the proposed anthropomorphic robot hand at time
intervals of 0 s, 3.8 s, and 8.6 s.

It is evident that before t = 3.8 s, the spring is relaxed, providing zero force to the
fingertip, and the distance between the ends of the CVT and the string connection re-
mains almost constant. The average flexion speed of link 2 rotation around joint 2 is
10.36 degrees/s, except for the negligible motion because the initial twisting of the string
does not significantly affect the movement of link 2. After t > 3.8 s, the spring gradually
stretches, and the fingertip force increases from 0 N to 5 N. The distance between the
ends of the CVT and the string connection is reduced to 12.4 mm, and the average flexion
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speed of the finger decreases to 1.67 degrees/s, indicating a notable 6.2-fold TR alteration
between unloaded and loaded conditions. Additionally, from Figure 9b, it is apparent
that before the stretching of the spring, the distance between the ends of the CVT and the
string connection remains nearly constant. However, after the stretching of the spring, this
distance noticeably decreases. The finger’s movement speed is significantly faster before
the spring stretching compared to after. Therefore, the proposed anthropomorphic robot
hand demonstrates the TR change capability to adapt to variable loads. It also exhibits
a considerable adjustment range and can withstand at least 5 N of fingertip force. This
underscores the practicality of the proposed TSA with the CVT concept.

6. Conclusions and Future Work

In conclusion, this paper has introduced a novel TSA with CVT, offering automatic ad-
justment of TR in response to varying external loads. Through the utilization of lightweight
hyperelastic slender rods, we have achieved a remarkably simple, compact, and cost-
effective design. Our experimental results have validated the efficacy of the proposed TSA
with CVT, demonstrating a notable 2.1-fold TR variation across load conditions ranging
from 0.1 kg to 1.5 kg. Notably, the hyperelastic rods utilized in our CVT are exceptionally
lightweight and cost-efficient, with dimensions of just 1 mm × 1 mm × 32 mm, weighing
0.22 g, and costing only USD 0.041. An application in an anthropomorphic robot finger
has further underscored the adaptability and practicality of our TSA with CVT, revealing a
significant 6.2-fold TR change between unloaded and loaded states.

This research represents a significant advancement in the field of robotic transmission
systems, offering unparalleled benefits in terms of weight, cost-effectiveness, simplicity,
compliance, and continuous TR adjustability. The proposed TSA with CVT holds great
promise for a wide range of robotic applications, from small-scale robots to complex
anthropomorphic robotic hands. Future work will focus on refining theoretical models to
account for nonlinear material characteristics and the over-twist phase that occurs beyond
7.5 turns. Additionally, we aim to expand the application of our TSA with CVT to a fully
anthropomorphic robotic hand.
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Abstract: Non-contact surface processing does not involve direct contact between the tool
and a worksurface. An industrial robot mostly uses preplanned toolpaths to perform non-
contact surface processing. A preplanned toolpath may work well in repetitive conditions
but may easily become inaccurate and unsafe if the tool needs to follow unknown work-
surface variations. Many industrial processes, e.g., painting, coating, and sandblasting,
typically involve worksurfaces with unknown variations. This study proposes an opti-
mal toolpath planning method for an industrial robot equipped with end-of-arm distance
sensors to automatically guide its tool motion along unknown worksurface variations.
The distance sensors facilitate sparse sensing to acquire sparse data that is just enough
for the quick and adequate perception of unknown worksurfaces by requiring fewer mea-
surements and less computing. Optimization facilitates the optimality of multi-objective
toolpath planning with a customizable value function, where the multiple objectives com-
prise adapting to unknown worksurface variations and traveling between known tool
targets. To validate the proposed toolpath planning method, this study conducts a simula-
tion experiment on a virtual robot with four end-of-arm distance sensors and a workpiece
with unknown surface variations. The experimental results indicate that the proposed
method is accurate and near-optimal even in the presence of sensor noises.

Keywords: industrial robotics; toolpath planning; sparse sensing; non-contact surface
processing; optimization

1. Introduction

Industrial robots are emerging as major autonomous systems for handling various
manufacturing tasks that are highly repetitive, difficult, and unsafe to humans [1–3]. The
International Organization for Standardization (ISO) [4,5] identifies an industrial robot as
an automatically controlled, reprogrammable, multipurpose, manipulative system with
several reprogrammable axes, which may be either fixed in place or mobile for use in
industrial automation applications. An industrial robot mostly uses preplanned toolpaths
to perform non-contact surface processing. A preplanned toolpath may work well in
repetitive conditions but may easily become inaccurate and unsafe if the tool needs to
follow unknown worksurface variations. Many industrial processes, e.g., painting, coating,
and sandblasting, typically involve worksurfaces with unknown variations.

Researchers have proposed theoretical methods for robotic toolpath planning [6–22]
as well as their practical applications [6–9,13,14,16,18,23]. Navigation and the precision
of toolpaths are practically important as an industrial robot may exhibit positioning er-
rors [24,25] due to uncertain variations involved in the environment. Non-rigid robots
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with hyper-elastic, soft bodies experience even bigger challenges in terms of navigation,
motion precision, stiffness, and compliance [26–29]. All these challenges in robotics in-
dicate the importance of sensing, which can provide the needed perception of priorly
unknown variations in environments, for better navigation and control of robots and
autonomous systems.

For robotic non-contact surface processing, contactless sensing is always preferred as
it allows a robot to sense surfaces from a distance. There are various contactless sensors (or
non-contact sensors), such as vision cameras [30–39], laser trackers [24,40], Light Detection
and Ranging (LiDAR) scanners [41,42], and so on, used in industrial applications. Vision
cameras provide ample perception but require fast communication interfaces and extensive
data processing. Laser sensors like range sensors, laser trackers, and LiDAR scanners can
provide accurate spatial sensing but produce harmful laser beams. Ultrasonic distance
sensors are simpler than machine vision cameras and safer than laser beams. They are not
affected by the color or transparency of objects but have limitations in terms of acoustic
disturbances and short detection ranges.

Researchers have documented various methods for the sensor-based routing and
control of industrial robots [9,13,38,39,43,44], mobile robots [30,42,45,46], and aerial robots
or drones [34,47,48]. However, these research outcomes mostly focus on solutions with
resource-intensive sensing rather than generic solutions with less resource-intensive sensing
for baseline perception. An example of resource-intensive sensing is machine vision, which
can easily produce abundant data that is costly to compute in real time. In contrast, sparse
sensing with simple distance sensors produces sparse data that is just enough for the quick,
adequate perception of environments with less computing. In general, sparse sensing [49] is
a sensing technique that leverages fewer measurements that are just enough to reconstruct
full-field perception. It requires fewer hardware and software resources to provide quick,
baseline perception.

There is a noticeable research gap in realtime toolpath planning with sparse sensing
in industrial robotics. To bridge this gap, this study proposes an optimal path planning
method with sparse sensing for an industrial robot equipped with end-of-arm distance
sensors to automatically guide its tool motion along unknown worksurface variations.
The end-of-arm distance sensors facilitate sparse sensing for quick, baseline perception.
Optimization facilitates the optimality of multi-objective path planning with a customizable
value function, where the multiple objectives of path planning comprise adapting to
unknown worksurface variations and traveling between known toolpath targets.

To validate the proposed toolpath planning method with sparse sensing, this study
conducted a simulation experiment on a virtual robot equipped with end-of-arm distance
sensors and a workpiece with unknown surface variations. The simulation experiment
systematically demonstrated the proposed method with and without sensor noises.

2. Materials and Methods

2.1. Problem Formulation

An end-effector is a tool that goes on the end of a robot arm. A tool pose defines the
tool position and orientation in the reference frame. A robot manipulates its tool pose
within the operational or task space of the robot. A robot tool must have a tool reference
frame or simply a tool frame, and the tool frame origin is the tool center point or tool
control point (TCP), which is the location where the robotic process takes place. A target is
a tool pose, and a toolpath or path is a continuous stream of tool poses.

This problem formulation involves an industrial robot with an end-of-arm tool that
has four distance sensors and a tool reference frame for non-contact surface processing as
illustrated in Figure 1. Adaptive toolpath planning needs to guide the robot TCP along
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unknown worksurface variations by maintaining relative tool orientation and alignment,
while the tool travels between known start and end tool poses. The end tool pose or target
also serves as the frame of reference. A toolpath must adapt to unknown worksurface
variations along the XZ plane of reference frame, which means an adapted toolpath must
be constrained to the XZ plane of reference frame. The relative tool orientation depends on
a manufacturing process, i.e., a welding process requires a certain attack angle between the
welding tool and the toolpath. In this problem formulation, the robot tool axis, which is the
zT axis, needs to be orthogonal to the sensed worksurface for clarity and simplicity.

(a) (b)

Leading Distance
Sensor

Robot
Tool

Worksurface

Current Tool Pose 
(TCP and Orientation)

Known Tool 
Target and
Reference 

Frame
(End)

Sensor Plane Points

Sensed 
Worksurface 

Points

Adapted 
Toolpath

Estimated 
Next Pose
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Tool Target 
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(Start)
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Figure 1. This figure presents adaptive toolpath planning with sparse sensing for an industrial robot
to perform non-contact surface processing: (a) Adaptive toolpath planning needs to guide the robot
TCP along unknown worksurface variations by maintaining relative tool orientation and alignment,
while the tool travels between known start and end tool poses. The end pose or target also serves as
the frame of reference. A toolpath must adapt to unknown worksurface variations along the XZ plane
of reference frame. l is the diagonal length of the sensor square arrangement, and ϕ is the sensor
inclination angle. (b) A simulation setup involves an industrial robot equipped with end-of-arm
distance sensors and a workpiece with unknown surface variations.

The four end-of-arm distance sensors have a square arrangement with a diagonal
length of l on the sensor plane as shown in Figure 1. This square arrangement is centered
at the tool axis, which is the zT axis of the tool frame, and the tool axis is orthogonal to
the sensor plane. Moreover, the two diagonals of the square arrangement are parallel to
the tool xT axis and the tool yT axis, respectively. All the sensors have the same concentric
inclination angle ϕ, which is assigned to 90 degrees to make each sensor axis orthogonal to
the sensor plane for simplicity. Four distance sensors sense the distances—an, bn, cn, and
dn—between the sensor plane points and the sensed worksurface points, respectively, in
each timestep n ∈ N. The sensor plane is the interface plane between the robot end and
the robot tool in Figure 1. The four distance sensors are associated with four customizable
reference distances—are f , bre f , cre f , and dre f —that signify a desired tool pose relative to
a sensed worksurface. These four reference distances define a tool reference plane. In
this formulation, let the XY plane of the robot tool frame be the tool reference plane for
clarity and simplicity, which implies that all the reference distances are equal to the distance
between the sensor plane and the XY plane of the robot tool frame. Note that the sensor
plane is parallel to the XY plane of the robot tool frame.

The origin of the robot tool frame is tool center point (TCP), where a non-contact
process takes place. The robot tool needs to follow sensed worksurface variations along the
XZ plane of the reference frame (pB) by maintaining alignment between the tool reference
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plane (the XY plane of the robot tool frame) and the sensed worksurface, while traveling
between known start and end tool poses.

Toolpath P(pA, pB) in (1) is a series of adapted toolpath poses in between given or
known start and end tool poses, pA ∈ R6 and pB ∈ R6, respectively.

P(pA, pB) =
{

pn ∈ R
6
∣∣∣ p0 = pA; pN = pB; N ∈ N; n = 0, 1, . . . , N

}
(1)

In (1), n and N are a timestep index and the finite number of timesteps, respectively.
In each timestep n, realtime toolpath planning produces an adapted tool pose pn ∈ R6.
Each tool pose or target pn consists of the x, y, z coordinates of the TCP and the θx, θy,
θz Euler angles with respect to the reference frame in Figure 1. In every timestep, the
adaptive toolpath planner must estimate the next pose p̂n+1 using the current tool pose
pn and a tool pose correction Δpn as formulated in (2). The tool pose correction Δpn in (2)
consists of a correction Δpn|s relative to the sensed worksurface and a correction Δpn|Bn

relative to an incremental tool target p̂Bn
. Let

∥∥∥Δpn|Bn

∥∥∥ = Δp be a known constant as a
uniform increment in the direction of the final tool target pB. Figure 2 shows the geometry
of an incremental tool target p̂Bn

= pn + Δpn|Bn
. Moreover, Figure 2 illustrates the vector

operations in (2) for estimating the next pose p̂n+1.

p̂n+1 = pn + Δpn = pn + Δpn|s + Δpn|Bn
(2)

Current Tool Pose 
(TCP + Orientation)

Reference 
Frame

Incremental
Tool Target 

Tool Pose Correction 
Relative to Surface

Known Final
Tool Target (End)

Tool Pose Correction 
Relative to Tool Target

Estimated
Next Tool Pose

Estimated 
Tool Pose Correction

Figure 2. This figure illustrates the vector operations in (2). Note:
∥∥∥Δpn|Bn

∥∥∥ = Δp = constant.

Finally, the problem formulation boils down to finding the tool pose correction Δpn
and its components, Δpn|s and Δpn|Bn

, to estimate the next tool pose p̂n+1 based on the
current tool pose pn in every timestep. This study proposes a numerical solution to this
problem by using realtime error tracking with linear quadratic regulation as outlined in
Section 2.2.

2.2. Realtime Error Tracking with Linear Quadratic Regulation

The end-of-arm distance sensors in Figure 1 provide four distance sensor readings—an,
bn, cn, and dn—in every timestep n. The four distance sensors are associated with four
customizable reference distances—are f , bre f , cre f , and dre f —that signify a desired tool pose
relative to a sensed worksurface. These four reference distances define a tool reference
plane. In this study, the XY plane of the robot tool frame is the tool reference plane for
clarity and simplicity, which implies that all the four reference distances are equal to the
distance between the sensor plane and the XY plane of the robot tool frame. The deviations
of four distance readings from their respective reference distances are an|re f , bn|re f , cn|re f ,
and dn|re f as derived in (3).

74



Actuators 2025, 14, 279

[
an|re f bn|re f cn|re f dn|re f

]T
=
[

an bn cn dn

]T −
[

are f bre f cre f dre f

]T
(3)

Besides tracking worksurface variations, the robot tool must reach the known final
tool target pB in Figure 1. The final tool target pB also serves as the frame of reference or
reference frame for convenience. The TCP coordinates of the current tool pose pn are xn, yn,
and zn. Since the final tool target pB is located at a remote distance, an incremental tool
target p̂Bn

is used at a uniform incremental distance from the current pose pn in the direction
of the final tool target pn in each timestep as shown in Figure 2. The TCP coordinates of the
current tool pose pn that is relative to an incremental tool target p̂Bn

are xn|Bn , yn|Bn , and
zn|Bn , which are incremental tool target errors, according to (4).

[
xn|Bn yn|Bn zn|Bn

]T
=
[

xn yn zn

]T −
[

xBn yBn zBn

]T
(4)

The sensed deviations an|re f , bn|re f , cn|re f , and dn|re f as well as the incremental tool
target errors xn|Bn , yn|Bn , and zn|Bn constitute an error vector en ∈ R7 in (5).

en =
[
en〈1〉 en〈2〉 en〈3〉 en〈4〉 en〈5〉 en〈6〉 en〈7〉

]T
=

=
[

an|re f bn|re f cn|re f dn|re f xn|Bn yn|Bn zn|Bn

]T (5)

Figure 3 demonstrates a tool θy angle as a pitch angle between the tool XY plane and a
worksurface using the sensed deviations, an|re f and cn|re f . Likewise, a tool θx angle can also
be identified as a roll angle between the tool XY plane and a worksurface using the sensed
deviations, bn|re f and dn|re f . Adaptive toolpath planning aims to maintain orientation
alignment between the tool XY plane and a sensed worksurface using these two tool angles
for tool pose corrections. The sensor inclination angle ϕ in Figure 1 is 90◦. The sensitivity
factor η is a heuristic scalar between 0 and 1, where 0 means no sensitivity, and 1 means full
sensitivity. It can be used to lessen the amplifying effects of the two sensed deviations on
the pivot point, which is the TCP. It can also be used to lessen the effects of sensor noises.
The η sensitivity factor is 0.5 in this study.

Tool XY Plane as 
Tool Reference Plane

TCP

Sensed Worksurface Point  of 
Leading Distance Sensor

Sensed Deviations from Tool Reference 
Plane: , , , 

Sensed Worksurface Point 
of Trailing Distance Sensor

Tool (Pitch) Angle 
between Tool XY Plane and Worksurface

Sensitivity Factor
( )

Distance between Leading and Trailing Distance Sensors

Robot Tool 
Frame

Tool (Roll) Angle 
between Tool XY Plane and Worksurface

Figure 3. This figure demonstrates a tool θy angle as a pitch angle between the tool XY plane and a
sensed worksurface. Likewise, a tool θx angle can also be identified as a roll angle between the tool
XY plane and a sensed worksurface. The sensor inclination angle ϕ in Figure 1 is 90◦.
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The goal of adaptive toolpath planning is to minimize the error vector en with less ef-
fort. Therefore, the proposed approach involves a first-order error tracking model presented
in (6).

en+1 =en + un (6)

In (6), a control input vector un ∈ R7 aims to minimize the error vector en in each
timestep n. It is derived from the error vector en according to (7), (8), and (9) using a control
gain matrix K ∈ R7×7 that is a predefined diagonal matrix of the scalar gains Ks and KB in
(8) and (9). The gain Ks is used to regulate the deviations of the four sensor readings from
their respective reference distances, and the gain KB is used to guide the TCP motion in the
direction of the known final tool target pB.

un = −Ken (7)

K = diag(Ks, Ks, Ks, Ks, KB, KB, KB) ∈ R
7×7 (8)

un =
[
un〈1〉 un〈2〉 un〈3〉 un〈4〉 un〈5〉 un〈6〉 un〈7〉

]T
=

= −
[
Ksan|re f Ksbn|re f Kscn|re f Ksdn|re f KBxn|Bn KByn|Bn KBzn|Bn

]T (9)

The tool pose correction Δpn in (2) consists of a correction Δpn|s relative to the sensed
surface and a correction Δpn|Bn

relative to an incremental tool target p̂Bn
. Hence, the

formulas in (10) and (11), respectively, derive Δpn|s and Δpn|Bn
from un in every timestep

n. In (10), Δpn|s〈z〉 is the average of the tool–worksurface distance corrections, un〈1〉,
un〈2〉, un〈3〉, and un〈4〉 to align the toolpath TCP with a sensed worksurface. The tool
orientation corrections, Δpn|s

〈
θy
〉

and Δpn|s〈θx〉, are derived from un by using the approach
demonstrated in Figure 3, where the sensed deviations, an|re f , bn|re f , cn|re f , and dn|re f , are
replaced by the tool–worksurface distance corrections, un〈1〉, un〈2〉, un〈3〉, and un〈4〉,
respectively, in (10) to align the tool reference plane with a sensed worksurface. The η

sensitivity factor in (10) is 0.5 in this study. In (11), the TCP corrections, un〈5〉, un〈6〉, and
un〈7〉, are applied to the tool pose correction Δpn|Bn

to reach the incremental tool target
p̂Bn

. Figure 4 provides an overall schematic of realtime error tracking with linear quadratic
regulation for adaptive toolpath planning with sparse sensing, where

.
pre f is a reference

tool speed that encompasses a predefined TCP speed and a predefined tool angular speed.

Δpn|s =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Δpn|s〈x〉
Δpn|s〈y〉
Δpn|s〈z〉
Δpn|s〈θx〉
Δpn|s

〈
θy
〉

Δpn|s〈θz〉

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
0

un〈1〉+un〈2〉+un〈3〉+un〈4〉
4

tan−1
(

η ∗ un〈1〉−un〈3〉
l

)
tan−1

(
η ∗ un〈2〉−un〈4〉

l

)
0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(10)

Δpn|Bn
=
[

Δpn|Bn
〈x〉 Δpn|Bn

〈y〉 Δpn|Bn
〈z〉 Δpn|Bn

〈θx〉 Δpn|Bn

〈
θy
〉

Δpn|Bn
〈θz〉

]T
=
[

un〈5〉 un〈6〉 un〈7〉 0 0 0
]T (11)
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Figure 4. This figure shows realtime error tracking with linear quadratic regulation for realtime
toolpath planning with sparse sensing. Note that

.
pre f is a reference tool speed. All reference inputs

are in blue. The gains, Ks and KB, are obtained via linear quadratic regulation.

The proposed realtime toolpath planning then employs linear quadratic regulation
(LQR) to compute the gain matrix K in (8) using a customizable value function φ(en, π) in
(12), where π is a control sequence in (13) that steers the error tracking model in (6) from
its current state e0|n (or en) to a final state e∞|n on an infinite time horizon.

φ(en, π) =
∞

∑
t=0

(
eT

t|n Qet|n + uT
t|n Rut|n

)
; e0|n = en, Q = QT � 0, R = RT � 0 (12)

π =
{

ut|n ∈ R
6
∣∣∣ t = 0, 1, . . . , ∞

}
(13)

In (12) and (13), t ∈ N is a timestep index on an infinite time horizon. Q ∈ R7×7 and
R ∈ R7×7 are customizable state and control weight matrices, respectively. The goal of the
optimization problem in (14), which is subject to (6) and (7), is to find an optimal control
sequence π* to steer the error tracking model in (6) from its current state e0|n (or en) to an
optimal state e*

∞|n that converges to zero on an infinite time horizon.

⎧⎨⎩φ(en) = min
π

φ(en, π)

π* = argmin
π

φ(en, π)
(14)

To solve the optimization problem in (14) that is subject to (6) and (7), a cost-to-go
matrix P ∈ R7×7 can be identified using the discrete algebraic Riccati equation (DARE) in
(15) on an infinite time horizon.

P = Q + P − P(R + P)−1P; P = PT � 0 (15)

After solving (15) for P, a time-invariant gain matrix of K can be found according to
formula in (16) for the realtime error tracking model in (6) and its control input in (7).

K = (R + P)−1P (16)
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Many researchers including Al Tamimi et al. [50], Rawlings et al. [51], and Scokaert et al. [52]
documented distinct variants of optimal control and linear quadratic regulation with in-
depth mathematical derivations and proofs on stability and controllability. Their research
papers can provide more theoretical details for further reading.

2.3. Experimental Settings

This study involves a simulation experiment on an industrial robot with end-of-arm
distance sensors and a workpiece with unknown surface variations to demonstrate the
proposed toolpath planning with sparse sensing using RobotStudio® 2024, which is an
industrial robot programming and simulation program [53]. RobotStudio® 2024 has digital
engineering capabilities of robot modeling, programming, and simulation with virtual
sensors and devices. The simulation experiment employed a virtual ABB IRB-1200 robot
with end-of-arm distance sensors and a workpiece with unknown surface variations as
modeled in RobotStudio® 2024. Figure 1b portrays the setup of the simulation experiment.
The robot tool frame with the tool center point (TCP) was arranged at 200 mm from the
sensor plane along the tool zT axis. The diagonal length l of the sensor square arrangement
was 40 mm. The sensor inclination angle ϕ was 90 degrees for all four sensors. The robot
was tasked to start from a known start pose and then reach a known final tool target by
aligning the TCP with unknown worksurface variations and maintaining tool orthogonality
relative to the sensed surface. It is assumed that the TCPs of both the start and the end poses
are predefined worksurface points. The end pose served as the frame of reference. The

.
pre f

reference tool speed of simulation comprised 100 mm/s as a TCP speed and 1000 deg./s as
a tool angular speed. The Δp uniform increment of TCP was 10 mm. The timestep of the
simulation was 0.5 s. The data sampling rate was 125 Hz.

This study used sensor noises to test the robustness of the proposed approach. Sensor
noises can have various sources, such as vibrations, environmental disturbances, sensor
calibration errors, etc. To apply noise to the sensor perception, each sensor reading was
subjected to a random scalar from a 4 mm range between −2 mm and +2 mm.

To demonstrate customizable optimal toolpath planning, three optimal regulation
cases were considered via customized weight matrices in Table 1, where Q ∈ R

7×7 and
R ∈ R

7×7 are error state and control weight matrices, respectively. These weight matrices
are used for solving the optimization problem in (14), which is subject to the error tracking
model in (6) with the control input in (7). The customizable weights are based on a
simple scoring range between 1 and 10, which serves as a handle on intuitively praising or
penalizing certain error states and control actions for optimal toolpath planning.

Table 1. Experimental cases with customized weight matrices.

Cases Error State Weight Matrix Q ∈R7×7 Control Weight Matrix R ∈R7×7

Case 1: Reaching the known toolpath
target is priority. diag(1, 1, 1, 1, 10, 10, 10) diag(10, 10, 10, 10, 1, 1, 1)

Case 2: Balancing the Case 1 and
Case 3 goals is priority. diag(10, 10, 10, 10, 10, 10, 10) diag(10, 10, 10, 10, 10, 10, 10)

Case 3: Following sensed surface
variations is priority. diag(10, 10, 10, 10, 1, 1, 1) diag(1, 1, 1, 1, 10, 10, 10)

In Case 1, the weights for sensed deviations, which are the first four entries in the
diagonal of the error state weight matrix Q, are 1s, while the remaining weights for toolpath
target errors are 10s. This means toolpath target errors are more costly to endure than
sensed deviations. Also, the weights for sensed deviation control, which are the first four
entries in the diagonal of the control weight matrix R, are 10s, while the remaining weights

78



Actuators 2025, 14, 279

for toolpath target control are 1s. It means sensed deviation control is more costly to execute
than toolpath target control. Overall, the Case 1 weights imply that reaching the known
toolpath target is the top priority.

In Case 2, the customized weights are all equal to 10s, which means reaching the
known toolpath target and following sensed surface variations are equally important.

In Case 3, the weights for sensed deviations, which are the first four entries in the
diagonal of the error state weight matrix Q, are 10s, while the remaining weights for
toolpath target errors are 1s. It means sensed deviations are more costly to endure than
toolpath target errors. Also, the weights for sensed deviation control, which are the first
four entries in the diagonal of the control weight matrix R, are 1s, while the remaining
weights for toolpath target control are 10s. It means toolpath target control is more costly
to execute than sensed deviation control. Overall, the Case 3 weights imply that surface
tracking is the top priority.

A time-invariant gain matrix of K was computed according to (16) for each case using
the weights in Table 1 and the linear quadratic optimization in (14) that is subject to (6) and
(7). Table 2 presents the computed LQR gains. These LQR gains were used to systematically
demonstrate optimal toolpath planning with and without sensor noises.

Table 2. Time-invariant gains obtained via linear quadratic regulation for the three cases in Table 1.

Cases
Gains for Surface Error

Tracking: Ks

Gains for Toolpath Target Error
Tracking: KB

Case 1: Reaching the known toolpath
target is priority. 0.27 0.92

Case 2: Balancing the Case 1 and Case 3
goals is priority. 0.62 0.62

Case 3: Following sensed surface
variations is priority. 0.92 0.27

3. Results and Discussion

The simulation experiment involved three optimal realtime toolpath planning cases as
specified in Tables 1 and 2 with and without sensor noises. To apply artificial noise to sensor
perception, each sensor reading was subjected to a random number from a 4 mm range
between −2 mm and +2 mm. In each case, an industrial robot with end-of-arm distance
sensors was tasked to travel between known start and end tool poses by maintaining the
tool orthogonality and the TCP alignment with the sensed worksurface as well as the
ZX plane of the reference frame. The TCPs of both the start and the end tool poses were
worksurface points. The end pose (the final tool target) also served as the reference frame.
The

.
pre f reference tool speed of simulation comprised 100 mm/s as the TCP speed and

1000 deg./s as the tool angular speed. The Δp uniform increment of TCP was 10 mm, and
the timestep of simulation was 0.5 s. The data sampling rate was 125 Hz.

Reaching the known toolpath target is the top priority in Case 1. Worksurface tracking
is the top priority in Case 3. Balancing the Case 1 and Case 3 goals is the priority in Case 2.
Figure 5 presents an image sequence of the Case 3 simulation.

The cycle times of Case 1, Case 2, and Case 3 without sensor noises were about 16 s,
18 s, and 23 s, respectively. The total lengths of the Case 1, Case 2, and Case 3 toolpaths
without sensor noises were about 848 mm, 852 mm, and 866 mm, respectively. The cycle
times of Case 1, Case 2, and Case 3 with sensor noises were about 16 s, 19 s, and 28 s,
respectively. The lengths of the Case 1, Case 2, and Case 3 toolpaths with sensor noises
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were about 848 mm, 855 mm, and 908 mm, respectively. Sensor noises affected Case 3 more
than any other cases since sensor-based surface tracking is the top priority in Case 3.

Figure 5. This figure presents an image sequence of the Case 3 simulation: (1) The robot tool is at
the start pose; (2) The robot tool departs from the start pose; (3) The robot tool follows the sensed
surface and advances toward the end target; (4) The robot tool keeps following the sensed surface
and advancing toward the end target.

Figures 6–8 present comparisons between the toolpath orientation angles of an ideal
case and the three cases with and without sensor noises. The ideal case involves ideal
tool poses to achieve along an ideal toolpath defined by the intersection between the
worksurface and the XZ plane of the reference frame. Figures 9 and 10 present comparisons
between the ideal toolpath and the toolpaths of the three cases with and without sensor
noises. Figure 11 presents the toolpath TCP errors of the three cases with and without
sensor noises. A positive error in Figure 11 means the TCP is above the worksurface, and a
negative error means the TCP is below the worksurface.
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Figure 6. Toolpath θx angles: (a) no sensor noise; (b) added sensor noise.
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Figure 7. Toolpath θy angles: (a) no sensor noise; (b) added sensor noise.
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Figure 8. Toolpath θz angles: (a) no sensor noise; (b) added sensor noise.
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Figure 9. Top views of toolpaths: (a) no sensor noise; (b) added sensor noise.
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Figure 10. Side views of toolpaths: (a) no sensor noise; (b) added sensor noise.
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Figure 11. Toolpath TCP errors along the tool zT axis: (a) no sensor noise; (b) added sensor noise. A
positive error means the TCP is above the worksurface, and a negative error means the TCP is below
the worksurface.

The results in Figures 6–8 indicate that each experimental case was able to accomplish
the anticipated optimal path planning goals in accordance with the customized weights
specified in Table 1 and the LQR gains in Table 2. The tool θz angle is nicely maintained at
90 degrees in each of the three cases even in the presence of sensor noises. In comparison
with the ideal case and Case 1, both Case 2 and Case 3 produced fairly accurate toolpath
orientation angles but longer cycle times since tracking sensed surface variations requires
more time to accomplish, especially in Case 3. In contrast, Case 1 produced less-accurate
toolpath orientation angles but the shortest cycle time since reaching the known tool target
is the top priority of Case 1. This urgency to reach the end target causes insufficient time
to accurately track sensed surface variations. Added sensor noises barely affected the
performances of Case 1 and Case 2 but noticeably affected the Case 3 performances. Since
sensor-based surface tracking is the top priority in Case 3, sensor readings play essential
roles in Case 3, which makes it more sensitive to sensor noises. This sensitivity can be
reduced by reducing the η sensitivity factor in (10). Note that this study used a sensitivity
factor of η = 0.5. The results in Figures 6–8 are summarized in Figure 12, which presents
the Root Mean Square (RMS) errors [23] of the tool orientation for the three cases with and
without sensor noises. Case 1 produced the largest angular RMS errors in the tool θx and θy
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angles in comparison with the ideal toolpath orientation angles shown in Figures 6 and 7,
while Case 3 and Case 2 produced much lower angular RMS errors.
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Figure 12. RMS errors of toolpath orientation errors: (a) no sensor noise; (b) added sensor noise.

According to Figures 9–11, the toolpath TCP coordinates of the three cases eventually
converge at zero when the robot tool reaches the final tool target at the end of each process
cycle. Note that the final tool target is also the reference frame. Figure 9 shows that the TCP
alignment with the XZ plane of the reference frame looks flawless in each of the three cases
with and without sensor noises as expected. Figure 10 presents comparisons between the
ideal toolpath and the toolpaths of the three cases with and without noises. The results in
Figures 9–11 are summarized in Figure 13. In terms of tracking unknown surface variations,
the toolpaths of Case 3 and Case 2 are the most accurate ones with RMS errors of less than
2.5 mm even in the presence of sensor noises. The Case 3 toolpath has some fluctuations in
Figures 10 and 11, especially in the presence of sensor noises. Such unwanted fluctuations
can be reduced by reducing the η sensitivity factor in (10). The Case 1 toolpaths with and
without sensor noises exhibit noticeable RMS errors of over 7 mm, which is expected since
worksurface tracking has a lower priority in Case 1.
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Figure 13. RMS errors of toolpath TCP for the Figure 11 data.

Figure 14 presents box-and-whisker plots of the actual toolpath speeds. Each box-
and-whisker plot depicts the upper and lower extremes, the upper and lower quartiles,

83



Actuators 2025, 14, 279

and the median of each dataset. Since the main emphasis of the proposed method is on
enhancing the tool pose accuracy of the toolpaths, the proposed method does not regulate
tool speeds by letting the robotic system control its tool speeds based on the commanded or
reference tool speeds and kinematic constraints. The commanded or reference tool speeds
of the simulation experiment were 100 mm/s as a linear speed of the toolpath TCP and
1000 deg/s as an angular speed of toolpath orientation. The actual toolpath speeds of the
simulation experiment were lower than the reference tool speeds as the robot tool needed
to slow down to apply new sensor-based changes to the tool pose in every timestep of 0.5 s.
This limitation can be resolved by tool speed planning with speed interpolation as well as
a specific sensor arrangement that allows the robot to sense the worksurface ahead of the
tool along the toolpath. Moreover, Model Predictive Control (MPC) can be instrumental
in achieving proper tool speed planning. Needless to say, both LQR and MPC are specific
variants of optimal control.

(a) (b)

Figure 14. This figure presents box-and-whisker plots of actual toolpath speeds: (a) angular speeds
of toolpath reorientation; (b) linear speeds of toolpath TCP. Each box-and-whisker plot depicts the
upper and lower extremes, the upper and lower quartiles, and the median of each dataset.

The simulation experiment successfully demonstrated the predefined optimal path
planning strategies with and without noises. These findings indicate that the proposed
toolpath planning method with sparse sensing has the potential to automate non-contact
surface processing. In this study, sparse sensing required fewer measurements and less
computing than that for standard machine vision. The computational time complexity
of sparse sensing was O(n), which was much lower than O(n × m) of a standard image
convolution algorithm typically used in machine vision, where n and m are the total number
of timesteps and the total number of image pixels, respectively. The big O notation is a
math notation that describes the limiting behavior of an algorithm or a function when the
input argument tends toward infinity.

A limitation of the proposed path planning approach is an inability to deal with
worksurface discontinuities, such as edges, holes, pockets, steep protruding surfaces, or
sharp ridges. A possible solution to this problem can be smart sensor arrangements along
with an intelligent algorithm that can detect surface discontinuities by examining distance
sensor readings. Another limitation of the proposed toolpath planning approach is that it
regulates the tool pose but not the tool speed. This limitation can be resolved by adding
toolpath speed planning with speed interpolation. The future work will focus on resolving
these limitations, establishing benchmark datasets for comparisons with other methods,
and implementing artificial intelligence for better robot tool motion planning and control.
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4. Conclusions

This study proposes an optimal toolpath planning method for an industrial robot
equipped with end-of-arm distance sensors to automatically guide its tool motion along
unknown worksurface variations. The end-of-arm distance sensors facilitate sparse sensing
to acquire sparse data that is just enough for the quick, adequate perception of unknown
worksurfaces. Optimization facilitates the optimality of multi-objective toolpath planning
with a customizable value function, where the multiple objectives comprise adapting to
unknown worksurface variations and traveling between known tool targets. To validate
the proposed toolpath planning method with sparse sensing, this study conducted a
simulation experiment on a virtual robot equipped with end-of-arm distance sensors and a
workpiece with unknown surface variations. Sparse sensing required fewer measurements
and less computing than that for conventional machine vision. The simulation experiment
successfully demonstrated the predefined optimal strategies with and without sensor
noises. These findings indicate that the proposed toolpath planning method with sparse
sensing has the potential to automate non-contact surface processing. The future work will
focus on adding tool speed planning, establishing benchmark datasets for comparisons
with other methods, and implementing artificial intelligence for better robot tool motion
planning and control.
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Abstract: This study provides the design, analysis, and prototype fabrication of a remotely
controlled actuation system for railcar-mounted sensors. Frequent railway inspections are
essential for detecting and preventing major defects that could lead to train derailments or
accidents. Integrating supplemental automated inspection systems into existing trains can
aid inspection crews without interfering with standard railway operations. However, many
sensors and cameras require protection during transit, motivating the need for a deployable
mounting assembly. The feasibility of a deployable sensor system was successfully assessed
by creating and demonstrating a functional prototype mounting assembly that can be used
with future automated inspection systems. Typical loads and accelerations experienced
by a train were used to design a lead screw and stepper motor system capable of working
within desired tolerances. Optimized inputs controlling this motion with an Arduino Uno
were found through the iterative testing of digital signals and direct port manipulation.
Further research testing in a field-like environment is suggested.

Keywords: actuation system; control; railway inspection; sensor deployment; railcar
integration; lead screw actuation; Arduino

1. Introduction

The rail network in the United States is a crucial infrastructure that supports national
logistics and transit, often out of the public’s eyes. With an extensive freight rail network
covering approximately 225,000 km of track across the continental U.S., this industry is
critical for moving and delivering goods [1]. In addition to freight rail, passenger trains
in the U.S. operate alongside freight trains. In the 2024 fiscal year, Amtrak reported
an all-time ridership record of more than 32.8 million passengers [2]. Inspections and
maintenance of the existing infrastructure are essential to meet the demands of this ever-
growing industry upon which millions rely yearly. In recent years, Class 1 railroads in the
U.S. have focused on improving safety, upgrading rail networks, and increasing reliability.
In 2023, they collectively reinvested USD 26.8 billion toward these goals and have made
many technological improvements to the network [3].

With such a complex system of railways, track crossings, and signaling equipment,
railroad workers must spend significant time, manpower, and resources properly inspect-
ing everything by hand. As such, railroad companies have been pursuing ways to add
routine automated inspection technology to their maintenance procedures. In many cases,
automated systems can find defects and problems earlier, allowing workers to respond
to the issue before it impacts safety or performance. Early detection and prevention are
fundamental to lowering the number of derailments and accidents that occur each year.

Some recent equipment that has been successfully implemented into existing railways
include train inspection portals (TIPs), autonomous track inspection (ATI) systems, and
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wayside train monitoring systems (WTMS) [4]. TIPs implement a system of high-speed
cameras, machine vision, and artificial intelligence to inspect railcars as they pass through
a tunnel at speed [5]. Similarly, many ATI systems use comparable camera, sensor, and
machine learning technologies, but these typically operate mounted to a railcar or Hyrail
truck [6]. WTMS are stationary systems that are mounted alongside a track bed to monitor
train health, such as wheel integrity, as it passes by the monitoring location [4].

Many of the newer inspection technologies focus on keeping trains moving and
reducing idle time, which benefits consumers, companies, and the environment. These
advantages include decreased fuel consumption, fewer delays, extended locomotive life,
and lower emissions, all of which improve operational efficiency and environmental
sustainability [7]. Prioritizing the ratio of track time for trains over crews of workers to
keep freight and passengers moving makes sense economically but can lead to problems
when inspections must be completed on a schedule. If some of the sensors and equipment
normally operated by crews of workers could be integrated into existing trains, this would
allow data collection to occur without slowing down the rail network.

As train-mounted data collection systems have become more widespread, challenges
have arisen from the harsh and unpredictable environments in which trains operate. Some
sensors, cameras, and other systems are not made to operate in such places. Thus, there
is an occasional need to detach or cover the equipment to prevent damage to sensitive
components. However, requiring manual setup and takedown of this equipment can
diminish the advantages of train-mounted automated systems over Hyrail trucks. Manual
intervention can also become problematic in emergency scenarios. For example, suppose a
train traveling at high speeds encounters sudden inclement weather. In that case, it may
not be able to stop in time for personnel to safely retract or secure vulnerable equipment.

This study aims to design, test, and validate an automated and retractable platform
capable of deploying track inspection sensors during train motion and stowing them in a
protected storage space to protect sensitive components when not in use.

2. System Requirements and Design Considerations

In this section, the system requirements and design considerations are outlined based
on the integration, environmental, and functional constraints.

2.1. Railcar Integration

In recent years, a common trend in the railroad industry has been to convert old
passenger coach cars into towable cars equipped with ATI systems [8]. Using this concept
as a guide, the system in this study was designed considering the structural geometry and
space limitations of a passenger railcar. To achieve a full field of view of the environment
around a track, the railroads often select the rear of a test platform as the place to deploy
scanning equipment such as Lidars. Since the coaches used for testing (geometry or
metrology cars) are often towed at the end of a train, this ensures that other railcars will
not interfere with or block the field of view of mounted sensors. Given that many coach
cars include a rear platform, this is the guiding geometry used for the specification and
constraints of the assembly designed, tested, and validated in this work.

2.2. Environmental Constraints and Assumptions

To meet the design objective of environmental protection, it was necessary to determine
where in the railcar the system could be safely and effectively housed. First, the system
must be fully enclosed, eliminating the possibility of directly mounting an assembly to
the open rear platform. This location would be easy for operators to access but offers little
protection. Second, mounting equipment underneath the train introduces a greater risk of
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damage due to increased exposure to debris and railbed impact. This area also experiences
higher vibrations and less damping than the suspended passenger section, making it less
ideal for sensitive components. Considering these assumptions, we determined that the
safest and most protected area towards the rear of a coach car is the ceiling space above
the platform. This space is already built to be weather-protected and has few systems
critical to the railcar’s function. The low-vibration environment and minimal functional
interference also make the rear ceiling space ideal for integrating additional equipment. The
prototype developed in this study was not designed to meet a specific ingress protection
(IP) rating, given that environmental impacts could not be studied in laboratory tests.
However, future iterations of the system intended for field deployment will require proper
sealing and protection.

2.3. Project Specifications

With a design space selected for the system, there are several design constraints
that affect how the retraction and stowing can be accomplished. Table 1 summarizes the
essential space constraints and vibration requirements. The size of the system needs to
be kept as small as possible while maintaining strength to allow it to be installed into the
tight areas of a railcar. For this study, the maximum height and width were selected as
558.8 (22 inches) and 685.8 (27 inches) millimeters, respectively. These dimensions keep
the overall system compact while leaving a reasonable space for mounting sensors and
accompanying electronics. Since one of the overall goals of this project is to quickly deploy
and retract sensors for data collection, the ideal actuation time was set to 30 s, which is a
reasonable time for rapid deployment without risking damage to the mounted sensors due
to uncontrollable or sudden movements.

Table 1. Design specifications.

Parameters Target Value

Height 558.8 mm (22 inches)
Width 685.8 mm (27 inches)

Actuation Speed 30 s
Deployment Tolerances 3.175 mm (0.125 inches)

User Interface Passive monitoring
Lateral Force Resistance 0.25 G
Vertical Force Resistance 0.25 G

Positional accuracy is essential for calibrating sensors when deployed to collect data. If
the system does not return to the same position behind the railcar, it causes errors between
data collected at different times. Applying this constraint, the system needs to be able to
actuate repeatably within a 3.175 mm (0.125-inch) tolerance. Another important factor to
consider in the design is how the operator will interact with the equipment. At a minimum,
the operator must be able to monitor the positional status of the actuated platform passively.
Hence, the interface should indicate whether the system is extended or retracted, without
the need to provide an intermediate location between the two ends of travel.

The final three design specifications outline the types of forces that a train-mounted
assembly could experience while traveling down the railway. Using the Federal Railroad
Association (FRA) regulations for passenger cars, the lateral and vertical accelerations
experienced must not exceed 0.15 g [9]. Using a higher limit of 0.25 g for this design
guarantees that the system can withstand all forces generated in high-speed turns. The
longitudinal force or the force in line with the rail could be higher if the railcar is hit hard
during coupling. To account for such an impact, a conservative acceleration of 2.5 g was
selected to account for forces in the longitudinal direction [10]. This value ensures that large
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acceleration spikes and impulses that can be applied to a passenger car during coupling
are accounted for in calculations.

3. Actuation Mechanism and Control System

A reliable, precise, and durable actuation subsystem must be implemented into the
assembly to meet the project specifications outlined in the previous section. Given that
the overall shape of the system needs to be shelf-like to accommodate sensor mounting,
the actuation subsystem must consist of a guideway and drive system, as shown in the
preliminary system layout in Figure 1. It is also important to note that a door or hatch
subsystem is also required to protect the equipment from environmental conditions but
depends highly on the specific geometry and constraints when installed in a passenger car,
which is beyond the scope of this study.

 

Figure 1. Preliminary system layout.

3.1. Drive System Concepts

There are several different driving methods that can be applied to this type of assembly,
each with unique advantages and disadvantages. The five versions applicable for this type
of assembly include the following:

• Electric cylinders;
• Pneumatic cylinders;
• Hydraulic cylinders;
• Belt-driven motors;
• Motorized lead screws.

After evaluating the five concepts, the one that was determined to best meet the overall
system requirements is the motorized lead screw. This drive mechanism can be designed
to be integrated into a more compact area and provides adequate stability and rigidity. In
comparison, the belt-driven motor concept lacks rigidity depending on the tensioning of
the belt and could experience more wear in service than a lead screw. The three-cylinder
actuators were not selected mainly because of their higher costs and potentially more
complex control requirements. Hydraulic and pneumatic cylinders require pumps and
compressors to actuate them, which would occupy valuable space when integrating them
into the ceiling of a passenger railcar.
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3.2. Linear Guideway Concepts

Five different guideway concepts were also considered during the design phase to
fully stabilize and actuate the system. The possibilities included the following:

• T-slot extrusion linear bearings;
• Linear rails with blocks;
• Ball-bearing drawer slides;
• Linear rods;
• Dovetail slides.

While each has certain advantages, based on cost, versatility, and strength in the load
directions, we determined that the best option was the t-slot extrusion linear bearings.
Dovetail slides are highly precise and strong but often expensive to manufacture and
implement. The drawer slides and linear rods may not be best suited to the cantilever and
compression load scenarios. These concepts could also be prone to buckling or bending
under the stresses caused during operation. Ultimately, the decision was made to proceed
using the t-slot extrusion linear bearings for the prototype assembly manufactured in this
study with the understanding that upgrading to a stronger linear bearing and rail could be
accomplished if there is a need for even more strength in the future.

3.3. Structural Design

With the drive and guideway subsystem selected, the deployable shelf was designed
using 6061 aluminum for a high strength-to-weight ratio, as shown in Figure 2. This setup
is designed to have a versatile and customizable top to allow different types of equipment
and sensors to be installed. The linear bearings are 3-slotted slides moving along a 1-inch
by 3-inch extruded aluminum beam with T-slots to guide the bearings [11]. The bearings
have t-shaped pads made of ultra-high-molecular-weight polyethylene (UHMW) seated in
the guideways. UHMW is a tough, wear-resistant plastic that is ideal for this application.
Using the material data, we determined a static coefficient of friction of 0.20, which we
used for the load calculations and sizing of the electric drive motor [12]. This assembly
offers 609.6 mm (24 inches) of travel for the shelf while moving from fully stowed to fully
extended, with a total mass of 24.78 kg, including an added margin for sensor equipment.
The structural design also accounted for the anticipated lateral and vertical force resistances
of 0.25 g, as detailed earlier.

(a) (b) 

Figure 2. (a) Fully extended deployable shelf assembly; (b) fully retracted deployable shelf assembly.

3.4. Lead Screw Sizing and Load Calculations

Sizing the lead screw acting in a horizontal configuration with an uncentered CG
(center of gravity) from the lead screw nut required calculating the bending stress acting
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on the screw and comparing it with the material’s yield strength. Using a 20 mm lead
screw with a 4 mm pitch made from 1045 carbon steel, the yield strength is approximately
310 MPa [13]. Applying the known load from the mass, 243.1 N, at a known offset of
approximately 500 mm gives an applied moment of 121.5 Nm, which can be used in
Equation (1) for calculating the bending stress.

σ =
M·c

I
=

M·(d/2)
(π·d4)/64

=
32·M
π·d3 =

32·121.5 Nm

π·(0.020)3m3
= 154.8 MPa (1)

The above represents the worst-case static moment when the platform is fully extended.
Comparing the bending stress against the material’s known yield strength gives a factor of
safety (FOS) of approximately 2.0 against yielding.

3.5. Motor Selection and Torque Requirements

The lead screw and applied loading can be used to calculate the required torque
needed to actuate the system. To account for the worst-case scenario, the longitudinal
acceleration will be applied to the total forces acting on the lead screw. The total applied
force is the sum of the frictional force and coupling acceleration force [14]:

Ftotal = Ff riction + Flongitudinal = (0.20·243.1)N + (2.5·234.1)N = 656.4 N (2)

From the lead screw used earlier, the efficiency is approximately 0.20 according to
industry standards [15]. To determine an acceptable torque range for the motor, two FOS
values of 2.0 and 4.0 are applied to Equation (3) [15].

T =
FOS·Ftotal ·p

2π·η =
(2.0 or 4.0)·656.4 N·(0.004) m

2π·0.20
= 4.2 to 8.4 Nm (3)

A NEMA 34 stepper motor was selected to actuate the system using this range of
required torque values. This motor has a holding torque of 8.5 Nm, which falls in the upper
range of the torque values for a high FOS on the motor [16]. A stepper motor is a reliable,
strong, and implementable driver for this application. The required RPMs for the actuation
to occur within the time constraints defined earlier can be found using Equation (4) with a
travel speed of 20.3 mm/s from the 609.6 mm (24 inches) of travel divided by the actuation
time of 30 s.

RPM =
v·60

p
=

(20.3 mm/ s)·(60 s/ min)
(4 mm/ rev)

= 304.8
rev
min

(4)

The NEMA 34 stepper motor can achieve the 304.8 RPMs needed to move the platform
within the required distance and time. This RPM is one of the key parameters used to
develop the controller.

3.6. Control System Architecture

Among various options considered, we selected an Arduino Uno board as the con-
troller due to its relatively low cost, ease of use, intuitive interface, and effectiveness in
the prototyping phase of design. As shown in the control block diagram in Figure 3,
two different voltages are required for the assembly. The Arduino and control signals are
controlled by 5 volts, and the stepper motor and driver need 24 volts. Given that the
system only needs to be in retracted or fully extended modes for sensor deployment, limit
switches can detect these positions. The limit switches ensure the positioning is sufficiently
accurate and the 0.125-inch positional accuracy is met. Simultaneously, wiring LED lights
to indicate to the operator that the system has finished traveling in one direction can fulfill
the specification of passive monitoring. A rotary switch is implemented to control the
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starting and stopping of the motor and its direction rotation, which controls the platform’s
direction of travel.

 
Figure 3. System control block diagram.

4. Prototype Development and Testing

Using the developed actuation and control system described earlier, this section
presents a physical prototype assembly able to be built and tested in a controlled laboratory
setting. This system provides validation of the performance of the actuation concepts
before integrating into a railcar.

4.1. Mechanical Assembly

To fully test and validate the theoretical concepts presented by this study, a prototype
assembly was designed and fabricated to conduct actuation tests on the control and actua-
tion assemblies. A simple wooden platform, shown in Figure 4, is used for the laboratory
tests to emulate mounting to a railcar. The platform shelf, spacers, and alignment blocks
were manufactured from 6061 aluminum. The alignment blocks are critical for ensuring
that the stepper motor output shaft is in-line with the lead screw. When a stepper motor and
lead screw are not properly aligned, this can lead to extra stress on components, premature
wear on the threads, and lower efficiency while operating [17]. In addition to making sure
the axes of both the stepper motor output shaft and the lead screw are properly aligned, a
flexible shaft coupling is used to connect them. A flexible coupling is used to compensate
for shaft misalignment while still allowing effective torque transmission and accounting
for slight axial movement by either shaft [18].

  
(a) (b) 

Figure 4. (a) Prototype assembly with equipment shelf; (b) Prototype assembly with actuation
system shown.

All components were mounted to a wooden test platform using accompanying brack-
ets and hardware. The wooden platform was selected for assembly and laboratory testing.
In practice, it will be replaced by the railcar base to which the actuation system is mounted.
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The fully assembled prototype assembly shown in Figure 5 adequately represented the
actual assembly on board a railcar while allowing the ease of adjustability needed for the
laboratory tests. Microswitches were properly positioned at the limits of travel to prevent
excessive motion in either direction. Once the platform contacts the limit switches, the mo-
tor’s power is disabled, and the actuation stops. The extrusion rails that allow the bearings
to slide from the retracted to extended positions in the final assembly have a travel distance
of 615.95 mm (24.25 inches), allowing for adequate testing and performance assessment.

 
Figure 5. Fully assembled prototype.

4.2. Wiring and Electrical Integration

The controls and wiring system were implemented according to the wiring diagram
in Figure 6. An Arduino Uno board was used to send control signals to the stepper driver
using 5 V power. The limit switches, rotary knob, and LED indicator lights were wired to
the board using pins 2 through 9. The wiring was set up so the limit switches could read
them as normally closed (NC). With this arrangement, the circuit through the switch is
complete when the limit switch is unpressed. The circuit opens when the switch is pressed,
and the Arduino reads no current flow through those pins, preventing any more motion
in that direction. The advantage of wiring a limit switch in an NC configuration is that if
a wire or switch breaks, the Arduino will cease any travel in that direction, acting as an
additional safety measure. The rotary knob is a center spring return switch that allows
motion in either direction based on how it is turned. When held, the Arduino reads the
circuit and actuates the stepper motor clockwise or counterclockwise. Once the switch is
released, it returns to the middle, disconnecting the circuit and ceasing movement. The
LED indicator lights are each wired and programmed to turn on when a limit switch is
pressed. The indicator light provides a visual alert to the operator that the system can
no longer travel in that direction. A 24 V power supply unit (PSU) was connected to the
driver through an emergency stop button to provide power to the stepper motor. It is
worth noting that the NEMA 34 stepper motor used in this study is also equipped with
an encoder, even though it was not used in our design. The simplified control approach
we adopted, where only the platform position at the two limits is needed, did not require
using the stepper motor’s embedded encoder.
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Figure 6. Control system wiring diagram dependent on components used in assembly.

5. Performance Evaluation and Results

Testing of the prototype assembly was completed in the laboratory using 24 V PSU
and 5 V DC power supplies that emulate the onboard power of a railcar. Various actuation
modes were evaluated to test the system responses to different controlled inputs. Significant
testing was conducted to refine the Arduino code and stepper motor controller. After issues
involving signal discrepancies were resolved, the prototype underwent a series of tests with
weights to mimic the loaded configuration in practice. The tests included extending and
retracting. The time to complete each movement was recorded and then used to calculate
actual speeds.

5.1. Pulse Delay Analysis

The rotational speed of the stepper motor was calculated by using the timing delay
of pulses sent from the Arduino to the stepper driver. These pulses trigger the motor to
move one micro-step at a time, controlling the number of pulses per revolution. For the
NEMA 34 stepper motor used in this study, the micro-step is adjustable from 1 through
256, which can be used to refine the pulses per revolution needed from 200 to 51,200. The
number of pulses per revolution is calculated by multiplying the micro-step by the motor
default setting of 200 steps per revolution. These pulses are sent from the Arduino by
inputting a pulse delay in microseconds. A smaller delay sends faster pulses to the stepper
motor, moving the platform faster. Several test runs were conducted on the system to
determine the optimal delay and micro-step setting needed to meet the system requirements
mentioned earlier.

Applying these values to Equation (5) allows for calculating the theoretical RPM of
the motor [19].

RPM =
60·106(μs/ min)

200 (μs)·(microstep 8)·(200 steps/rev)
= 187.5

rev
min

(5)
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Combining the calculated RPM with the travel distance of 615.95 mm (24.25 inches)
and the 4 mm pitch of the lead screw provides a predicted actuation time:

t =
60·L

RPM·p =
60(s/ min)·615.95 mm

187.5 (rev/ min)·4 (mm/ rev)
= 49.28 s (6)

Conducting preliminary testing using a micro-step of 8 and various pulse delays, a
discrepancy was found between the theoretical and observed actuation times. As shown in
Table 2, the observed time was consistently more than 2 times higher than the predicted
time based on the input delay. Using the error, the actual speed of the motor and pulse
delay received by the stepper motor could be calculated by reversing Equations (5) and (6).

Table 2. Initial speed testing; Microstep:8.

Delay
(μs)

RPM
Predicted Time

(s)
Observed Time (s) Error (%) Measured Delay (μs)

100 375 24.64 59.90 143.12 243.12
200 187.5 49.28 109.67 122.56 445.13
300 125 73.91 159.20 115.39 646.17
400 93.8 98.55 208.76 111.83 847.32

As the motor’s speed increases, the error also increases. Other trials were performed
by varying the micro-steps; however, the same error percentages were still observed. By
eliminating potential factors such as this, it was concluded that the system’s error was
related to the input delay. The signal being sent by the Arduino was two times slower than
what the stepper motor was receiving.

5.2. Control Signal Optimization

Initially, the code sent pulses to the stepper motor and read the limit switches, rotary
switch, and LED statuses using many digitalWrite() and digitalRead() commands in loops.
While it takes the Arduino only microseconds to complete each function, it requires the
loops to run thousands of times, causing processing delays. These extra operating delays in
the Arduino code added an unacceptable amount of delay over time. To help mitigate this
error, the code was converted to Direct Port Manipulation (DPM). This method directly sets
and clears pins by using bits and is roughly 30 times faster than the digital commands [20].

After implementing DPM into the code, the system response became much faster;
however, this revealed a second flaw in the code. Since the Arduino was sending very fast
signals, the stepper motor did not always correctly receive them at the start of an actuation,
causing it to skip steps and not actuate properly. The implementation of DPM yielded an
87.19% decrease in error between the predicted and observed times, as included in Table 3.
However, the missed steps at the beginning of travel still contributed to a 35.37% error.

Table 3. Digital vs. DPM—RPM: 187.5; predicted time: 49.28 s; delay: 200 μs.

Pin Method Observed Time (s) Error (%)

Digital 109.67 122.56
DPM 66.71 35.71

5.3. Acceleration Implementation

The best way to mitigate the misread signal problem at the start of actuation was
to add a ramp-up acceleration into the signal pulse. The ramp-up allows the stepper
motor to start motion at a slower speed to overcome the initial static friction’s slowing
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effect. Then, it can speed up to a faster RPM without missing steps. Keeping the same
target RPM of 187.5 and an input pulse delay of 200 μs, a new predicted time for the total
actuation can be estimated by accounting for the time for acceleration. The minimum pulse
of 200 μs controls the speed for most of the actuation. The maximum pulse of 5000 μs is
the starting speed, which is set to be much slower than the target speed. For every step
that is completed, the pulse delay being sent to the motor is decreased by the acceleration
rate of 10 μs/step. This acceleration rate was determined through preliminary testing
to optimize the overall system response to prevent misread signals by the stepper motor
during deployment. Equation (7) uses these values to solve the number of steps needed to
accelerate to the maximum speed.

Naccel =
maxPulse − minPulse

acceleration
=

5000 μs − 200μs
10 (μs/ step)

= 480 steps (7)

Since every step during the acceleration phase is faster than the step before, an acceler-
ation time can be estimated using Equation (8). Assuming the acceleration is linear, the
time to accelerate is found by multiplying the number of acceleration steps by the average
acceleration pulse per step.

taccel = Naccel · (maxPulse+minPulse)
2

= 480 steps· (5000+200)
2

μs
step ·10−6 s

μs = 1.25 s
(8)

Factoring in the acceleration time with the remaining travel time at full speed, the
new predicted time to complete one actuation is 50.52 s. Table 4 compares the improved
system code to the previous versions, showing the error decreased by 29.64% after the
implementation of acceleration time.

Table 4. Comparison of error—RPM: 187.5; minPulse: 200 μs; maxPulse: 5000 μs.

Pin Method Predicted Time (s) Observed Time (s) Error (%)

Digital 49.28 109.67 122.56
DPM 49.28 66.71 35.71

DPM with acceleration 50.52 53.59 6.07

The actuation speed testing was redone using the optimized code to compare the
observed times to the predicted times. Additionally, to aid in the stepper motor’s ability
to ready the signals, the micro-step setting was reduced to 4, equating to 800 pulses per
revolution. Reducing the micro-step setting decreases the precision of the motor, but it
can increase output torque and allow longer pulse delays to be used to achieve the same
speeds as before [21]. Since the motor was occasionally struggling with faster pulses, this
change was able to help it process the signals it was receiving. Figure 7 demonstrates
the overall performance improvements after implementing acceleration into the code. As
expected, the error between the predicted time and the observed time still increases as
maximum speed increases; however, the target time of 30 s was met by running the stepper
motor at 375 RPM and higher. It was observed that at RPMs higher than 428.6, the motor
struggled to overcome the initial resistance again. One can reason that further adjustments
of the acceleration time and micro-step settings may allow for even higher RPMs to be
achieved. However, such adjustments were unnecessary because the target actuation time
was already met.
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Figure 7. Actuation time vs. motor RPM.

5.4. Weighted Testing

Additional testing was conducted by adding extra weight as an overhanging load
to emulate the response of the actuation mechanism in maximum loading conditions. As
shown in Figure 8, various weighted plates were added to hang off the end of the shelf
to simulate the worst case of loading that could be applied to the stepper motor and
lead screw.

 
Figure 8. Weighted testing.

The same system inputs were given to the stepper motor as in the fastest unweighted
test from before. A minimum pulse of 175 μs, a maximum pulse of 5000 μs, an acceleration
rate of 10 μs/step, and a micro-step setting of 4. Actuations from 0 to 30.86 lb. shown in
Figure 9a revealed a consistent error percentage of around 14.94% between the observed
time and the predicted time of 22.81 s until around 20 lbs. At this point, the stepper motor
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began to experience some issues when retracting from the fully extended position but still
performed mostly well once it overcame the initial resistance. An iterative process with
different pulse delays and accelerations was conducted to assess the system performance
in various actuation and loading conditions. To counteract the retracting problems, the
minimum pulse was increased to 200 μs, and the acceleration rate was decreased to
5 μs/step. In doing so, the predicted time of actuation was lowered to 27.13 s, which is
closer to the target time of 30 s but allows the motor to output more torque in extreme
conditions. Running the refined test, the system could fully actuate without issues, starting
from the fully extended position, as shown in Figure 9b. This more optimized version of
step inputs reduced the error percentage between the predicted and observed time to drop
from 14.94% to 8.70% while still meeting the actuation time requirement.

(a) (b) 

Figure 9. (a) Weighted testing with faster overall speed and higher acceleration; (b) Optimized speed
and acceleration.

6. Results and Discussion

This section analyzes the performance results and key limitations of the prototype
assembly that may affect the implementation of the system into a real-world environment.

6.1. Achieved Project Requirements

The prototype testing results validated the actuation and control concepts proposed
in this study while highlighting opportunities for refinement in future studies. Through
iterative design and testing, the prototype met the following project requirements:

• Designed within overall width and height size constraints;
• Achieved target actuation time of 30 s;
• Met deployment tolerance of 3.175 mm (0.125 inches);
• Facilitated passive monitoring with LED indicators;
• Designed to withstand lateral and vertical accelerations of 0.25 g;
• Designed to withstand longitudinal accelerations of 2.5 g.

Overall, the prototype performance demonstrated a successful design that met the
requirements in the mechanical, structural, and control system areas. The final width of
the prototype was 673.1 mm (26.5 inches), within the specified 685.8 mm (27 inches). The
height was able to be minimized from the specified 558.8 mm (22 inches) to a low profile of
152.4 mm (6 inches), leaving adequate room on top of the shelf for mounting a variety of
sensor equipment. Using the t-slot extrusion rails and bearings, the prototype achieved a
travel distance of 615.95 mm (24.25 inches), mimicking a real-world deployment scenario.
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Using microswitches to define travel limits, the assembly could return to the same position
each time it was actuated and trigger the indicator LED lights for the operator to passively
monitor the system position with intuitive manual control. Testing the system with a high,
overhanging load ensured that the torque capability of the lead screw and stepper motor
was suitable for anticipated loading conditions. The Arduino control system allowed for
quick and effective design iterations to be implemented, particularly the shift to DPM and
the addition of a ramp acceleration to the system motion, which met the target actuation
time of 30 s.

6.2. Current System Limitations

As a prototype control system, the Arduino performed as required for this study;
however, there are areas that could be improved upon to give more control and feedback
on the state of the system. The current setup of limit switches provides no feedback on
the intermediate position of the platform. If such information is needed, one can use
the motor’s encoder to provide the position of the platform at all states, not just to travel
limits. The open-loop type control system limitations were highlighted during the assembly
testing. When the motor struggled to move by misreading the control signals or having
insufficient torque, there was no additional indication to the operator to release the rotary
switch other than auditory and visual cues from the motor. Since the testing took place in
a controlled lab, the environmental conditions in this study, such as vibrations, dirt, and
temperature, are not comparable to those faced by a train in the field. These environmental
factors were unable to be tested in this study but should be considered in the future to
assess their influence on motor performance and system response. Another small limitation
observed during testing was a slight kickback by the stepper motor during motion due to
the more flexible mounting on the wooden surface. This motion could potentially cause
unusual wear on the lead screw and stepper motor as well as cause small alignment issues.
The effects of the kickback appeared negligible; however, they could become an issue as the
assembly performs more actuation cycles. Long-term wear testing on the lead screw and
bearings was not able to be performed in this study but would provide valuable estimations
on the life of the system. With the current benchtop prototype, the lateral and vertical force
resistances were not able to be validated experimentally; however, the system is designed
to withstand the expected forces.

7. Summary and Future Work

The design and implementation of the actuation system for a railcar-mounted sensor
platform were described in detail. The platform is intended for retracting and stowing
sensitive inspection systems used onboard test cars for railroad inspection. The platform
includes a lead screw mechanism operated by a stepper motor. The controller uses an
Arduino Uno that allows ease of control and implementation.

The strength requirements for the drive mechanisms and structural components were
calculated to achieve a design factor of two or higher. Once built, the actuation platform
was tested under various conditions to ensure it could operate at the required retraction
and stowing of onboard sensors. The tests were designed to emulate the actual use of
the platform in practice, including in loaded configurations. The tests were valuable in
highlighting deficiencies and implementing improvements to resolve them. One such
deficiency proved to be the slower-than-expected actuation speed, which was caused by
errors in generating the stepper motor pulse delay. Once corrected, the actuation system
operated according to the design specifications.

The study identified a few areas for future improvements. Since the stepper motor is
equipped with a built-in encoder, it can provide real-time position feedback to the operator,
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which could improve the platform’s operation. Another improvement that could be made to
the control system is to experiment with PID control or a closed-loop feedback setup. Such
control enhancements would strengthen the overall system architecture and performance.

The developed prototype system offers insight into how this can be implemented
in practice. It provides a framework for enhancing onboard automated track inspection
equipment. With further refinement, the platform could be deployed on existing trains to
increase the data collection frequency, ultimately contributing to a safer rail network.

The next phase of testing can also be set up to emulate the dynamic impacts, vibrations,
and environmental conditions experienced in a railcar. Such tests can be carried out onboard
railroad test cars or Hyrail trucks, which we could not access during this study.
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Nomenclature

The following parameters are used equations in this manuscript:

σ Bending stress
M Applied moment
c Distance to axis of bending
I Moment of inertia
d Lead screw diameter
FOS Factor of safety
Ftotal Total applied force
Ffriction Frictional force between slides and rails
Flongitudinal Coupling force (in line with rail)
T Torque required by motor
p Pitch of lead screw
η Efficiency of lead screw
RPM Revolutions per minute
v Travel velocity
t Actuation time
L Length of travel
Naccel Number of acceleration steps
maxPulse Slowest travel velocity pulse speed
minPulse Faster travel velocity pulse speed
acceleration Acceleration rate
taccel Acceleration time
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Abstract: This paper presents a novel methodology for minimizing power losses in brush-
less DC (BLDC) motors through the implementation of adaptive flux control techniques.
Conventional motor control strategies, such as direct torque control (DTC), typically em-
ploy fixed flux values, which often result in suboptimal performance, particularly under
dynamic load and speed variations. To mitigate this inherent limitation, two adaptive
flux control methods are introduced: incremental conductance (IncCond) and fuzzy logic.
These proposed strategies facilitate real-time dynamic adjustment of the stator flux, thereby
optimizing motor performance and significantly enhancing system efficiency. Experimental
validation confirms the efficacy of these adaptive techniques, demonstrating substantial
improvements in power loss reduction and overall efficiency when compared to traditional
fixed flux control strategies. Notably, the fuzzy logic control strategy achieves the highest
efficiency, registering a system efficiency of 66.59%, which surpasses both the incremental
conductance method and conventional fixed flux control. These findings underscore the
considerable potential of adaptive flux control in applications where energy efficiency is
paramount, including electric vehicles and renewable energy-driven systems.

Keywords: BLDC motors; adaptive flux control; incremental conductance; fuzzy logic;
power loss minimization; system efficiency; direct torque control

1. Introduction

BLDC motors are widely used in modern drive systems due to their high efficiency,
compact size, high torque-to-weight ratio, and low maintenance requirements. They play a
critical role in a broad range of applications, including electric vehicles, robotics, industrial
automation, HVAC systems, and renewable energy systems such as wind turbines and
solar water pumps. Their inherent advantages over brushed DC and induction motors
make them ideal for high-performance and energy-sensitive applications.

Although BLDC motors are widely recognized for their high efficiency, power losses
resulting from non-optimal flux control remain a significant concern, particularly in real-
time applications with stringent energy-saving requirements. To mitigate these losses
and enhance drive performance, the implementation of adaptive flux control strategies is
imperative, especially under varying load and speed conditions.

Minimizing power losses in BLDC motors remains a central focus of research, partic-
ularly through the use of adaptive flux control strategies such as fuzzy logic controllers
(FLCs) and IncCond. FLCs have proven highly effective in dealing with nonlinearities
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and system uncertainties. Ref. [1] demonstrated that fuzzy-based speed controllers sig-
nificantly reduce overshoot and torque ripple while halving the settling time compared
to conventional PID methods. Similarly, ref. [2] confirmed that fuzzy logic, when com-
bined with power factor correction, leads to reduced rise time and enhanced dynamic
performance. Hybrid control approaches, such as the one proposed by [3], merge the
benefits of digital adaptive PID with fuzzy logic to achieve superior torque regulation and
disturbance rejection.

Incremental conductance, while traditionally applied in Maximum Power Point Track-
ing (MPPT) in photovoltaic systems, is emerging as a viable method for real-time flux adap-
tation in BLDC motors. Ref. [4] has successfully applied IncCond to BLDC pump systems,
showing improved efficiency under dynamic operating conditions. An ANFIS-enhanced
IncCond-based control scheme is explored in [5], reporting significant improvements in
total harmonic distortion and system responsiveness.

T–S fuzzy PI controllers in buck-boost converters for enhanced performance are pre-
sented in [6], while studies such as [7,8] confirm the benefits of fuzzy-PID and sliding-mode
methods in regulating BLDC motor dynamics. Furthermore, the use of IncCond in FPGA-
based systems for renewable energy-driven BLDC control has been investigated by [9].

In the area of sensorless estimation and control, a recent study detailed advancements
using sliding-mode observers, Kalman filters, and deep learning-based zero-shot estimation
for flux and speed control [10]. These developments align with the growing need for robust
and intelligent motor control systems in embedded and real-time environments.

A commutation point optimization method is presented for sensorless BLDC motors
that reduces commutation error and improves efficiency by compensating for the phase
difference between back EMF and phase current. Ref. [11] proposes a commutation
point optimization method for sensorless BLDC motors that accurately compensates for
commutation errors by analyzing the phase difference between back EMF and phase current,
improving efficiency. The study presents a new switching technique to minimize losses
in a trapezoidal brushless DC motor drive, demonstrating superior performance in terms
of torque ripple, current ripple, and overall efficiency [12]. A study compares two PWM
techniques for BLDC motor control, with one technique showing superior performance in
minimizing torque ripple, DC current ripple, and losses [13]. Machine learning models for
sensorless estimation of BLDC motor winding temperature are proposed in [14], achieving
high accuracy with a mean absolute percentage error below 4.5% and demonstrating
the viability of eliminating physical temperature sensors. A study in [15] presents an
energy-efficient BLDC motor optimized for a centrifugal monoset pump using Grey Wolf
Optimization (GWO), demonstrating a 6% increase in efficiency validated through 3D finite
element analysis.

Applying a tilt integral derivative (TID) controller to BLDC motors significantly en-
hances real-time speed control, torque and current stability, and overall system efficiency
in electric vehicle applications [16]. An improved robust deadbeat predictive sensorless
current control scheme is proposed for permanent magnet synchronous motors (PMSMs),
employing an enhanced super-twisting sliding-mode observer to simultaneously esti-
mate back electromotive force (EMF), inductance, and flux linkage. This unified observer
effectively mitigates the impact of parameter mismatches, enhancing overall system ro-
bustness [17]. An improved adaptive fractional-order sliding mode control (AFOSMC)
system is proposed for PMSMs, integrating a fractional-order sliding mode disturbance
observer to enhance robustness, anti-interference capabilities, and overall dynamic and
steady-state performance [18]. A novel four-point trajectory tracking control method for
PMSMs is proposed to enhance dynamic response speed and steady-state efficiency across
the full-speed range by adaptively adjusting current trajectories [19].
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A study introduced a novel adaptive flux observer for direct torque and flux control
(DTFC) of permanent magnet synchronous motor (PMSM) drives, employing an online
loss minimization algorithm to estimate the air-gap flux for optimal efficiency across vari-
ous operating conditions [20]. A multi-objective optimization approach for PI controllers
in BLDC motor speed control for electric vehicles is developed, integrating constrained
swarm-based algorithms and real-time road gradient data to significantly improve speed
control precision and reduce energy consumption [21]. An adaptive PID controller inte-
grated with direct torque control (DTC) for fuel cell-fed BLDC motor drives is proposed,
demonstrating effective regulation of torque and speed while addressing nonlinearity,
parameter fluctuations, and load transient issues in industrial applications [22].

Despite these advancements, direct experimental comparisons between fuzzy logic
and IncCond methods for flux control in BLDC motors, specifically with respect to real-time
power loss minimization, remain limited. This paper addresses this gap by providing a
comparative experimental study using a Hardware-in-the-Loop (HIL) setup, demonstrating
the superior efficiency and adaptability of fuzzy control, while also validating the promising
performance of the IncCond method.

This paper investigates two adaptive flux control strategies for BLDC motors, each
aiming to overcome the limitations of fixed flux control by dynamically adjusting the stator
flux reference in real time. The first strategy applies the incremental conductance (IncCond)
method, originally developed for photovoltaic MPPT, to refine the flux reference according
to instantaneous system operating conditions. The second strategy employs a fuzzy logic
controller, specifically a Mamdani-type fuzzy inference system, which incorporates expert
knowledge to manage system nonlinearities and uncertainties by adjusting the stator flux
based on motor speed and load torque. Each method is implemented and evaluated
independently to assess its effectiveness in improving torque performance, reducing power
losses, and enhancing overall system efficiency, particularly in applications such as electric
vehicles and renewable energy systems.

This study employs a 100 W BLDC motor with well-characterized internal parameters,
enabling detailed analysis and accurate validation of the proposed adaptive flux control
strategies. Although the absolute power losses in such low-power systems are relatively
small, their proportionate impact on overall efficiency is considerable, making the setup
well-suited for comparative evaluation. Moreover, the control methods developed and
tested in this work are designed to be scalable and applicable to higher-power systems,
including those used in electric vehicles and industrial motor drives, where efficiency
optimization remains a critical objective.

The paper is structured as follows: Section 2 introduces the mathematical model of
the BLDC motor. Then, the proposed adaptation flux control technique is discussed in
Section 3, while Section 4 presents the power losses. Section 5 discusses the experimental
results. Finally, Section 6 concludes the paper by summarizing the key findings and
future directions.

2. Mathematical Model of the BLDC Motor

The state-space approach is a fundamental tool in modern control theory for modeling
and analyzing dynamic systems [23]. This method provides a compact mathematical
framework applicable to both linear and nonlinear control strategies, making it essential
for designing high-performance motor controllers.

This study considers a three-phase BLDC motor controlled via a full-bridge inverter
operating in sinusoidal conduction mode, where at any instant, all three phases conduct
current simultaneously with sinusoidal waveforms synchronized to the rotor position. To
simplify the analysis, the following assumptions are made: the magnetic circuit is unsatu-
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rated, the phase resistances remain constant and are unaffected by temperature variations,
and the self-inductances do not vary with rotor position. This modeling approach enhances
efficiency, ensures smoother torque, and simplifies commutation. The system dynamics are
represented in state-space form as:⎡⎢⎢⎢⎣

i̇a

i̇b

ω̇

θ̇s

⎤⎥⎥⎥⎦ =

⎡⎢⎢⎢⎣
− R

L 0 0 0
0 − R

L 0 0
0 0 − B

J 0
0 0 1 0

⎤⎥⎥⎥⎦
⎡⎢⎢⎢⎣

ia

ib

ω

θs

⎤⎥⎥⎥⎦

+

⎡⎢⎢⎢⎣
2

3L
1

3L 0
− 1

3L
1

3L 0
0 0 1

J
0 0 0

⎤⎥⎥⎥⎦
⎡⎢⎣uab − eab

ubc − ebc

Te − TL

⎤⎥⎦
(1)

where uab, ubc are the line voltages, eab, ebc the back-EMFs, R the phase resistance, L the
phase inductance, J the rotor moment of inertia, B the friction coefficient, Te the electro-
magnetic torque, TL the load torque, ω the rotor speed, θs the rotor position, and ia, ib the
phase currents.

To facilitate control implementation, the Clarke transformation maps the three-phase
(a, b, c) voltages, currents, and back-EMFs into a two-phase (α, β) stationary reference frame:

[
vα

vβ

]
=

[
2
3 − 1

3 − 1
3

0
√

3
3 −

√
3

3

]⎡⎢⎣va

vb

vc

⎤⎥⎦,

[
iα

iβ

]
=

[
2
3 − 1

3 − 1
3

0
√

3
3 −

√
3

3

]⎡⎢⎣ia

ib

ic

⎤⎥⎦,

[
eα

eβ

]
=

[
2
3 − 1

3 − 1
3

0
√

3
3 −

√
3

3

]⎡⎢⎣ea

eb

ec

⎤⎥⎦

(2)

The flux linkages in the αβ frame are given by:

λα =
∫
(Vα − Riα) dt; λβ =

∫
(Vβ − Riβ) dt (3)

with the estimated flux magnitude:

φs =
√

λ2
α + λ2

β (4)

The electromagnetic torque is expressed as:

Te =
3
2

P
(
λαiβ − λβiα

)
(5)

where P is the number of pole pairs. The motor parameters used in this study are listed
in Table 1. These values are based on a standard BLDC motor model available in the
MATLAB/Simulink library R2024b, commonly used for academic and validation purposes.

107



Actuators 2025, 14, 395

In this paper, a DTC strategy for the BLDC motor is implemented using a prede-
fined switching pattern presented in Equation (6), consisting of six active voltage vectors.
Figure 1a depicts the circular arrangement of voltage vectors within their corresponding
sectors, which guide the switching decisions. Figure 1b shows the resulting sinusoidal
variation of phase currents over a 60° electrical cycle. Switching times are determined
based on these patterns, enabling accurate torque estimation. This approach allows for
a comprehensive comparison of torque and flux responses for different voltage vectors,
ensuring improved dynamic performance and control precision [24,25].

(a) (b)

Figure 1. Illustration of the DTC switching principle: (a) Circular voltage sectors with labeled vectors.
(b) Sinusoidal phase currents over one electrical cycle.

Table 1. BLDC motor parameters.

Parameter Value Unit

Electric power Pelec 100 W
Maximum speed ω 60 rad/s
Maximum torque TL 1.5 Nm
Stator resistance Rs 0.18 Ω
Nominal flux φn 0.07145 Wb
Stator phase inductance Ls 8.5 × 10−3 H
Number of pole pairs p 4 -
Moment of inertia J 0.00062 kg ·m2

Damping coefficient B 0.0003035 Ns/m
Rated voltage Vdc 48 V
Hysteresis constant Kh 0.05 -
Eddy current constant Keddy 0.001 -

(Sa, Sb, Sc) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1, 0, 0), if V = V1

(1, 1, 0), if V = V2

(0, 1, 0), if V = V3

(0, 1, 1), if V = V4

(0, 0, 1), if V = V5

(1, 0, 1), if V = V6

(6)
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3. Adaptive Flux Control Techniques

Adaptive flux control represents a paradigm shift from traditional fixed-flux motor
control strategies by enabling real-time adjustment of the stator flux reference in response
to varying operating conditions [26]. Unlike conventional methods that maintain a constant
flux regardless of load or speed changes, adaptive control dynamically adjusts the flux
magnitude to minimize power losses while preserving torque performance [1]. This
methodology leverages the fundamental observation that optimal flux levels are not fixed,
but rather depend on the motor’s instantaneous operating point, allowing for improved
efficiency across a broad range of speed–torque combinations [27].

The theoretical foundation of this approach lies in the relationship between electromag-
netic losses and flux magnitude: copper losses scale with the square of current, while core
losses are influenced by flux density. By intelligently adapting the stator flux, both types of
losses can be minimized simultaneously. This is particularly advantageous in applications
with frequent variations in speed and load, such as electric vehicles and renewable energy
systems, where efficiency directly impacts performance and operational costs [28].

In the following subsections, two adaptive flux control strategies are presented. The
first is the incremental conductance (IncCond) method, which relies on power–flux char-
acteristics to determine optimal flux levels. The second is a Fuzzy Logic-based controller,
which adapts the flux reference using a rule-based inference system driven by real-time
motor speed and load torque.

3.1. Adaptive Flux Control Using Incremental Conductance

The IncCond method is primarily utilized for MPPT in PV systems [29], rather than for
direct flux control in motors. In traditional applications, flux control in motors, especially
PMSMs, is often achieved through methods like flux-weakening control. For instance, a
study by [30] presents a voltage-based flux-weakening strategy using a variable incremental
controller to manage the flux component current in PMSMs. In this work, it is employed
for adaptive flux control of the BLDC motor, aiming to optimize the electromagnetic
performance while maintaining stability under varying operating conditions. The IncCond
method leverages the instantaneous relationship between power and flux to achieve faster
convergence and reduced oscillations.

The proposed Algorithm 1 dynamically adjusts the flux reference based on the incre-
mental change in flux (Δφ) and power (ΔPem). The slope ΔPem

Δφ is computed, and its sign is
used to adjust the flux:

φref(k + 1) =

⎧⎪⎪⎨⎪⎪⎩
φref(k) + Δφ, if ΔPem

Δφ > 0

φref(k)− Δφ, if ΔPem
Δφ < 0

φref(k), if ΔPem
Δφ = 0

(7)

This iterative process ensures that the flux converges to the point where ∂Pem
∂φ = 0,

which corresponds to the maximum power point.
To maintain system stability and prevent excessive adjustments, the flux reference is

limited within a predefined range:

φref = min(max(φref, φmin), φmax) (8)

where φmin and φmax are the lower and upper bounds of flux, typically set as a percentage
of nominal flux.
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Algorithm 1. Incremental Conductance Adaptation Algorithm Steps
Input:

• Instantaneous stator voltages (eα, eβ)
• Instantaneous stator currents (iα, iβ)
• Estimated flux magnitude (φs)
• Rotor speed (ω)
Output:

• Adjusted flux reference (φref)
Initialization:

1. Define nominal optimal flux φopt.
2. Define flux saturation bounds: φmin and φmax.
3. Initialize current flux reference φref(0) (e.g., to φopt or a predefined value).
4. Initialize previous flux reference φref,old ← φref(0).
5. Initialize previous electromagnetic power Pem,old ← 0.
6. Define distance thresholds dlarge, dmedium and corresponding adaptation step sizes

Λlarge, Λmedium, Λsmall.
Loop (executed at each control cycle):

1. Calculate instantaneous electromagnetic power: Pem = eαiα + eβiβ.
2. Compute the change in flux reference from the previous iteration: Δφ = φref − φref,old.
3. Compute the power–flux gradient (slope):

• If Δφ 
= 0: gradient = (Pem − Pem,old)/Δφ.
• Else (Δφ = 0): gradient = 0.

4. Compute the absolute distance from the nominal optimal flux: d = |φref − φopt|.
5. Determine the adaptation step size Λ based on distance d:

• If d > dlarge: Λ ← Λlarge
• Else if d > dmedium: Λ ← Λmedium
• Else: Λ ← Λsmall

6. Adjust flux reference φref:
• If gradient > 0: φref ← φref + Λ
• Else if gradient < 0: φref ← φref − Λ
• Else (gradient = 0): No change to φref

7. Saturate φref within defined bounds: φref ← max(φmin, min(φmax, φref)).
8. Update state variables for the next iteration:

• Pem,old ← Pem
• φref,old ← φref

3.2. System Integration and Control Architecture

Figure 2 illustrates the complete control architecture for the proposed BLDC motor
drive system, integrating adaptive flux regulation with multi-level control strategies to
ensure dynamic performance, torque accuracy, and energy-efficient operation.

The control loop operates as follows:

1. Measurement and Feedback Acquisition: The system continuously measures the
stator current components and rotor speed, either via sensors or through sensorless
estimation based on back-EMF. These signals form the foundation of the real-time
feedback loop.

2. Clarke Transformation and Estimation Block: Acquired phase currents are trans-
formed into the stationary αβ reference frame. This enables the estimation of electro-
magnetic torque, stator flux magnitude, and rotor position—essential parameters for
both control and observation tasks.

3. Adaptive Flux Regulation via Incremental Conductance: Leveraging the incremental
conductance (IncCond) principle, the adaptive control module dynamically adjusts the
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reference flux. By analyzing the power contribution in the αβ frame (Pem = eαiα + eβiβ),
the controller tunes the flux reference with adaptive step sizes to maintain optimal
operating conditions across varying load and speed profiles.

4. Speed and Torque Control using Optimized PI Loops: A cascade control structure is
adopted, where an outer-loop PI controller regulates speed, and the inner-loop handles
current (torque) control. The PI parameters are optimized to maintain closed-loop
stability while incorporating the flux reference updates from the adaptive process.

5. Hysteresis Current Regulation: Two independent hysteresis regulators compare the
measured and reference current components (iα, iβ) and generate switching signals
when deviations exceed a predefined threshold. This ensures fast current response
and reduced torque ripple.

6. Switching Table Logic: Based on the outputs from the hysteresis controllers, the
switching table determines the appropriate gating signals for the inverter. The com-
mutation strategy adheres to the six-step method, ensuring proper sector alignment
with minimal switching losses.

7. Inverter and Motor Actuation: The inverter translates control signals into high-speed
switching patterns, delivering the regulated voltage and current to the BLDC motor.
This final actuation ensures precise torque production and effective utilization of the
adaptive flux strategy.

Figure 2. Control scheme integrating adaptive flux regulation with BLDC motor drive system.

This layered control structure effectively integrates adaptive flux regulation with con-
ventional motor control techniques to enhance overall drive performance. One of its key
advantages is the real-time optimization of stator flux using the IncCond method, which oper-
ates without the need for a detailed motor model. The control scheme also improves dynamic
response through fast hysteresis-based current regulation, while robust speed and torque
tracking are achieved via cascade-structured PI controllers. Additionally, the implementation
of reliable switching logic ensures efficient commutation across all operating conditions.

Figure 3 illustrates the complete control architecture integrating adaptive fuzzy logic-
based flux regulation into the DTC scheme for the BLDC motor drive.

The control system follows a cascaded and real-time feedback loop as described below:

1. Clarke Transformation and Estimation Block: The stator currents and voltages are
processed through the Clarke transformation to compute the rotor position, electro-
magnetic torque, stator flux magnitude, and motor speed.

2. Adaptive Flux Regulation via Fuzzy Logic: Based on real-time speed and torque
feedback, the fuzzy logic controller adaptively updates the reference flux φ∗ using a
predefined rule base and membership functions.

3. Speed and Torque Control Using Optimized PI Loop: A speed controller generates
the torque reference, which is compared to the actual torque via a hysteresis regulator.

4. Hysteresis Regulation: Flux and torque regulators track their respective references
and trigger control actions when deviations exceed the hysteresis bounds.
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5. Switching Table Logic and Inverter Operation: The outputs from the hysteresis reg-
ulators and rotor position are used by the switching table to select the appropriate
voltage vector for inverter control.

Figure 3. Control architecture integrating adaptive fuzzy flux control into DTC.

3.3. Adaptive Flux Control Using Fuzzy Logic

In this work, the fuzzy logic module adjusts the stator flux reference in real time
based on two key inputs: the motor speed and load torque. The rule base, as shown in
Table 2, is constructed to ensure high flux at low speeds (for torque generation), medium
flux at moderate conditions (for efficiency), and low flux at high speeds with low torque
(to minimize core losses). Similar strategies have been reported in the literature to improve
DTC performance and extend battery life in electric vehicles [10].

Table 2. Fuzzy logic rule table for adaptive flux control.

Speed\Torque Low Medium High

Low High Flux High Flux High Flux
Medium Medium Flux Medium Flux High Flux

High Low Flux Medium Flux High Flux

The Algorithm 2 enables real-time flux adaptation, improving energy efficiency under
varying load–speed profiles. To achieve this, the controller takes the motor speed and load
torque as inputs and produces a scaling factor that adjusts the reference flux accordingly.
To maintain the flux within a suitable range, between 70% and 130% of the nominal value,
a gain of 1.45 is applied to the output of the fuzzy logic controller. This design assumes that
the magnetic circuit remains unsaturated, in line with the modeling assumptions introduced
in Section 2. Under this assumption, the flux limits φmin and φmax were empirically
determined through a combination of simulation and experimental tuning. These bounds
were selected to balance energy efficiency with safe magnetic operation, avoiding both
saturation and torque instability.

The fuzzy rule base, presented in Table 2, was initially developed using standard
control heuristics rooted in common motor behavior. These rules were then refined through
iterative simulation and testing to improve performance under dynamic conditions. Al-
though tailored to the test motor, the fuzzy logic controller maintains a flexible structure,
allowing easy adaptation to other BLDC motors by retuning the flux boundaries and adjust-
ing membership functions. This makes the method suitable for a wide range of practical
applications. To support real-time implementation, the membership functions used for
the fuzzification of the input variables (torque and speed) and the output variable (flux)
are kept simple and computationally efficient. As illustrated in Figure 4, each variable is
divided into three fuzzy subsets (low, medium, and high) using trapezoidal membership
functions. The Mamdani inference system is employed to derive the output, ensuring
smooth and interpretable control decisions.
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Algorithm 2. Fuzzy Flux Adaptation Algorithm Steps

1. Input Acquisition:

• The instantaneous rotor speed ω and electromagnetic torque Te are
extracted from the control loop and provided as inputs to the fuzzy
inference system.

2. Normalization and Fuzzification:

• The crisp inputs ω and Te are first normalized by mapping them to a defined
universe of discourse, typically scaled between 0 and 1, based on their expected
minimum and maximum values.

• These normalized values are then converted into fuzzy linguistic variables
(e.g., Low, Medium, High) using trapezoidal membership functions, as shown in
Figure 4.

3. Rule Evaluation:

• The Mamdani inference engine evaluates the fuzzy rules, as depicted in Ta-
ble 2, to infer a suitable fuzzy output category for the flux reference (e.g., Low,
Medium, High).

4. Defuzzification:

• The combined fuzzy output is transformed into a crisp stator flux reference φ∗
using the center of gravity method.

5. Flux Update:

• The resulting flux reference φ∗ is applied to the DTC block to influence the
inverter switching decisions and motor behavior.

Figure 4. Fuzzy membership functions using trapezoidal sets and a Mamdani inference system.
The first image shows the input speed membership functions, the second shows the input torque
membership functions, and the third represents the output flux membership functions.
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This hybrid strategy preserves the inherent advantages of classical DTC, such as its
fast dynamic response and simple structure, while integrating adaptive flux regulation
to improve energy efficiency. Unlike conventional DTC, which relies on fixed flux refer-
ences and suffers from increased losses under variable load–speed profiles, the proposed
approach dynamically adjusts the flux level in real time. Similar improvements through
adaptive flux control have been reported in recent works such as [31,32], reinforcing the
practical effectiveness of this control framework.

4. Power Losses

This section outlines the methodology used to compute various forms of power
losses in the BLDC motor system. Accurate power calculations are essential for evalu-
ating system efficiency and identifying loss contributors, enabling strategies for perfor-
mance optimization.

4.1. Core Losses

Core losses in magnetic materials mainly consist of hysteresis and eddy current losses.
The total core loss is computed using the following empirical relation:

Pcore = Φ2 ·
(

Kh · N + Ke · N2
)

(9)

where Φ denotes the magnetic flux density (Wb/m2), Kh is the hysteresis loss coefficient,
which is material-dependent, Ke represents the eddy current loss coefficient, and N is the
rotational speed of the rotor expressed in revolutions per minute (rpm).

Hysteresis losses scale linearly with speed, while eddy current losses grow quadrati-
cally with speed. This implies that as N increases, eddy current losses dominate the total
core loss contribution [33].

4.2. Copper Losses

Copper losses are the resistive (Joule) losses due to current flow in the motor windings.
In a three-phase BLDC motor, these losses are expressed as:

Pcu = 3 · R · I2 (10)

where, R is the resistance of a single phase winding and I is the RMS value of the current
in each phase.

Minimizing copper losses is crucial for enhancing motor efficiency. This can be
achieved by using low-resistance materials such as high-conductivity copper, increasing
the conductor cross-sectional area to reduce resistance, and optimizing current levels
according to the load conditions.

4.3. Total Power Losses

The total losses in the motor system are the sum of the copper and core losses:

Ptot = Pcu + Pcore (11)

This total power loss directly influences system efficiency, calculated as:

η =
Pe

Pin
× 100% (12)

By incorporating adaptive flux control strategies (as discussed earlier), both Pcu and
Pcore can be minimized, leading to improved overall drive efficiency.
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5. Experimental Results

To assess the practical feasibility of the proposed controller, real-time experiments were
conducted using a Hardware-in-the-Loop (HIL) environment incorporating two dSPACE
1104 cards. Using the HIL test bench setup illustrated in Figure 5, combined with the
DTC scheme and the switching strategy detailed in Equation (6), this section presents a
comparative analysis between the traditional fixed flux reference (set to nominal value)
and the two proposed adaptive flux strategies.

Figure 5. HIL setup.

5.1. Description of the Experimental Test Bench

In this study, an HIL test bench is developed for the validation of a BLDC motor
drive, utilizing two dSPACE cards configured in a master–slave architecture. The master
card generates PWM signals for motor control and processes feedback signals, while the
slave card simulates the BLDC motor dynamics in real time, providing the necessary
responses to close the loop. Communication between the two cards is established via high-
speed CAN and synchronized through a dedicated trigger signal. Compared to real-time
simulation, HIL testing provides a more accurate validation environment by integrating
actual hardware, avoiding the limitations of sensor modeling and signal noise that often
affect real-time simulations. In purely simulated environments, sensor imperfections
such as noise, offsets, and response delays may not be accurately reproduced, leading to
discrepancies between simulation and real-world performance. In the proposed setup,
MONITOR 1 runs the control loop and receives key feedback signals from the simulated
plant through analog channels. Specifically, ADC1 reads the rotor position, ADC2 captures
the torque, ADC3 receives the flux value, and ADC5 monitors the rotor speed, while the
PWM control signals generated by the controller are transmitted via the slave I/O interface
to drive the inverter gates connected to the plant side. Meanwhile, MONITOR 2 emulates
the plant (power system) dynamics; it receives the inverter gate signals via its I/O interface
and generates the corresponding analog outputs. These outputs are then transmitted back
to the controller side through DAC channels: DAC3 carries the rotor position signal, DAC4
transmits the torque, DAC6 represents the flux, and DAC8 contains the rotor speed. This
closed-loop signal exchange replicates the real-time behavior of the BLDC motor system
with high fidelity. By using HIL, the control algorithms are tested under realistic conditions,
ensuring a more reliable transition to physical implementation.

5.2. Results and Discussion

The experimental validation was designed to comprehensively assess the performance
of the BLDC motor drive under all relevant operating conditions. The 24 s test interval
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was divided into four consecutive 6 s phases, each corresponding to a specific speed level.
During the first interval [0, 6] s, the load torque was set to zero while the speed varied
through low, medium, and high levels in order to isolate and examine the impact of speed
changes alone. In the subsequent intervals, the speed was fixed while the load torque was
varied every 2 s to cover low (0.4 N·m), medium (0.8 N·m), and high (1.2 N·m) torque levels.
Specifically, in the second interval [6, 12] s, the speed was maintained at a low level; in the
third interval [12, 18] s, the speed was medium; and in the final interval [18, 24] s, the speed
was high. The PI controller used in the speed regulation loop was carefully tuned through
offline optimization to ensure a fast dynamic response and minimal steady-state error, and
then integrated into the overall system architecture, as shown in Figures 2 and 3. It is
important to note that the transitions in speed and torque were not applied simultaneously;
to ensure system stability and avoid overlapping transients, each speed adjustment was
introduced approximately 0.1 s before the corresponding torque change. This configuration
ensured a stable response and enabled accurate evaluation of each operating point. The
updated test scenario matrix is summarized in Table 3, and the applied load torque profile
is illustrated in Figure 6.

Table 3. Speed and torque load combinations for experimental validation.

Time Interval(s) Speed Level Torque Load

[0, 2] Low Zero
[2, 4] Medium Zero
[4, 6] High Zero
[6, 8] Low Low
[8, 10] Low Medium
[10, 12] Low High
[12, 14] Medium Low
[14, 16] Medium Medium
[16, 18] Medium High
[18, 20] High Low
[20, 22] High Medium
[22, 24] High High

Figure 6. Load torque profile.

The waveforms for the stator current and back-EMF are shown in Figures 7 and 8,
respectively. These figures provide insights into the motor’s behavior, where the stator
current follows a sinusoidal pattern for the fixed flux control strategy and the back-EMF
exhibits the typical trapezoidal waveform. The experimental results demonstrate the
effectiveness of adaptive flux strategies in minimizing power losses and improving system
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efficiency. The performance of the fixed flux, IncCond, and fuzzy logic control strategies is
compared in this section.

Figure 7. Stator current waveform under fixed flux control.

Figure 8. Back-EMF waveform under fixed flux control.

Figure 9 illustrates the motor speed response under different flux control strategies.
The speed profiles appear closely aligned, indicating minimal differences in steady-state
performance. However, IncCond exhibits a slightly faster time response compared to fixed
flux, particularly during speed transitions. Fuzzy logic outperforms both, achieving the
most consistent speed tracking.

Figure 10 presents the electromagnetic torque profiles under different flux control
strategies. The fixed flux case, Figure 10a, delivers the smoothest and most stable torque
response, characterized by minimal torque ripple under varying operating conditions,
demonstrating superior torque stability compared to both the IncCond and fuzzy logic
strategies. The IncCond strategy, Figure 10b, exhibits a reduction in torque oscillations
compared to the fuzzy logic approach, and provides a more stable torque response during
load transitions, benefiting from its gradient-based flux tuning. Meanwhile, the fuzzy
logic approach, Figure 10c, shows significant torque oscillations, particularly during load
transitions, due to its dynamic adaptation method. However, this increase in oscillation
is an intentional trade-off made to prioritize power loss reduction. The fuzzy controller
operates within empirically defined limits for flux (φmin and φmax), rotor speed, and load
torque, ensuring safe operation while maximizing efficiency. These constraints were
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established through iterative testing and logical system analysis, allowing the controller to
respond adaptively to varying operating conditions while respecting stability margins.

Figure 9. Speed performance comparison for fixed flux, incremental conductance, and fuzzy logic
flux control strategies.

Figure 10. Electromagnetic torque comparison: (a) fixed flux, (b) incremental conductance, and
(c) fuzzy logic.

Figure 11 illustrates the flux profiles under different control strategies. In the fixed flux
case, Figure 11a, the flux remains constant regardless of load or speed variations, resulting
in suboptimal efficiency due to the lack of adaptability. The IncCond method, Figure 11b,
introduces dynamic flux adjustment in response to changing operating conditions, though
its responsiveness is limited compared to fuzzy logic. The fuzzy logic strategy, Figure 11c,
offers the most effective flux adaptation, dynamically tuning the flux reference based on
real-time speed and torque.

Figures 12–15 present a comparative analysis of the input power, electromagnetic
power, core losses, and copper losses, respectively, under the three flux control strategies.
While all approaches maintain similar trends, the adaptive strategies IncCond and fuzzy
logic demonstrate clear advantages over the fixed flux method. In particular, Figure 12
shows that adaptive flux control effectively reduces the required input power, with the
fuzzy logic strategy exhibiting the most pronounced reduction. Figure 13 indicates that the
electromagnetic power remains relatively stable across methods, with a slight advantage
observed under fuzzy logic control. Regarding core losses in Figure 14, both adaptive
strategies introduce small variations, but no significant improvement is evident compared
to the fixed approach. However, Figure 15 highlights a marked reduction in copper
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losses under fuzzy logic control, attributed to its improved current regulation. These
observations suggest that while both adaptive methods enhance system performance, the
fuzzy logic strategy achieves the most effective balance between input power reduction and
loss minimization, particularly in terms of copper losses, thereby contributing to higher
overall efficiency.

Figure 11. Flux behavior comparison: (a) fixed flux, (b) incremental conductance, and (c) fuzzy logic.

Figure 12. Input power comparison: (a) fixed flux, (b) incremental conductance, and (c) fuzzy logic.

Figure 13. Electromagnetic power comparison: (a) fixed flux, (b) incremental conductance, and
(c) fuzzy logic.
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Figure 14. Core losses comparison: (a) fixed flux, (b) incremental conductance, and (c) fuzzy logic.

Figure 15. Copper losses comparison: (a) fixed flux, (b) incremental conductance, and (c) fuzzy logic.

The numerical results of the average power values for each method are summarized
in Table 4. These values were computed as mean values over 24 s, which is the standard
approach in power system efficiency analysis. This average-based evaluation reflects the
long-term electrical stress on the motor [34].

Table 4. Mean power calculations and efficiency comparison.

Metric Fixed Flux IncCond Method Fuzzy Logic

Flux Range (Wb) 0.07145 Adaptive Adaptive
Input Power (W) 34.15 31.21 26.55

Electromagnetic Power (W) 16.78 16.45 17.68
Core Losses (W) 0.71 0.70 0.66

Copper Losses (W) 2.03 1.76 1.38
Total Power Losses (W) 2.74 2.46 2.04
System Efficiency (%) 49.13 52.70 66.59

Loss Reduction vs. Fixed Flux (%) – 10.22 25.55

Among the three strategies, fuzzy logic exhibits the best overall performance. It
achieves the lowest input power consumption at 26.55 W while delivering the highest
electromagnetic power at 17.68 W. In addition, it significantly reduces copper losses to
1.38 W and core losses to 0.66 W, both of which are the lowest among all methods. This
results in the lowest total power losses, amounting to 2.04 W, and leads to a system
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efficiency of 66.59%—the highest observed. The IncCond method offers intermediate
performance, with an input power of 31.21 W, electromagnetic power of 16.45 W, core
losses of 0.70 W, and copper losses of 1.76 W. Its total power losses are reduced to 2.46 W,
corresponding to a 10.22% loss reduction compared to the fixed flux approach. The system
efficiency achieved is 52.70%. In contrast, the fixed flux strategy results in the highest
energy losses and the lowest system efficiency, with an input power of 34.15 W, total
power losses of 2.74 W, and an overall efficiency of 49.13%. These results validate the
effectiveness of adaptive flux control—particularly fuzzy logic—in minimizing power
losses and enhancing overall drive efficiency. The bar charts in Figure 16 present a visual
summary of the performance metrics listed in Table 4, highlighting efficiency, input power,
total losses, and copper losses for the fixed flux, incremental conductance, and fuzzy logic
strategies.

Figure 16. Control strategy performance metrics: efficiency, input power, and total and copper losses
for fixed flux, incremental conductance, and fuzzy logic approaches.

The experimental results clearly validate the effectiveness of adaptive flux control
strategies in minimizing power losses and enhancing the overall efficiency of BLDC mo-
tor drives. Among the three evaluated methods, the fuzzy logic controller achieved the
best overall performance, realizing a 25.55% reduction in total power losses and a system
efficiency of 66.59%. The incremental conductance approach also demonstrated signifi-
cant benefits, yielding a 10.22% loss reduction compared to the fixed flux baseline. These
improvements were achieved through intelligent real-time flux regulation: the IncCond
method provided fast and responsive flux adaptation based on power–flux gradient anal-
ysis, while the fuzzy controller fine-tuned the flux reference using a rule-based system
informed by motor speed and load torque.

All strategies were implemented and validated using an HIL environment based on
a dual dSPACE 1104 card setup. The control algorithm was executed in real time using a
DTC scheme, where accurate flux estimation was enabled by leveraging the known internal
parameters of the BLDC motor. The real-time simulation model of the motor included de-
tailed modeling of electromagnetic dynamics, core losses, and switching behavior, ensuring
high-fidelity interaction between hardware and simulation domains. The use of a small-
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scale 100 W BLDC motor, with fully characterized internal parameters, allowed precise
analysis of efficiency trends and loss mechanisms across a wide range of operating points.

The proposed framework, integrating IncCond and fuzzy logic within a real-time
DTC control architecture, demonstrates a practical, scalable, and energy-efficient solu-
tion for intelligent motor drives. It successfully bridges advanced control theory and
embedded implementation, offering a concrete pathway toward optimized flux control in
energy-sensitive applications. The demonstrated loss minimization, control responsiveness,
and implementation feasibility collectively represent a meaningful contribution to the
advancement of BLDC motor drives.

5.3. Comparative Analysis with Related Works

To highlight the effectiveness of the proposed adaptive flux control strategies, Table 5
provides a comparison with relevant studies focused on minimizing power losses in BLDC
motor drives using various advanced control techniques. The table summarizes the control
strategy, validation method, reported loss reduction, and key implementation notes.

Table 5. Comparison of different control strategies for power loss minimization in BLDC motor drives.

Control Method Strategy Validation
Loss
Reduction

Control Highlights

Fuzzy PWM [35] Rule-based PWM
Fuzzy Control Simulation only 14.2%

Reduced switching losses through
waveform shaping based on
fuzzy rules.

D-axis Current
Control [31]

Sensorless D-axis Flux
Regulation Experimental 11.7%

Real-time torque improvement via
d-axis current decoupling and
loss suppression.

Predictive Flux
Control [32]

Model-Predictive Flux
Optimization

Simulation and
experimental 16.4%

Efficiency improved through
predictive flux regulation and
feedback-based control.

Adaptive PI [36]
Optimal PI Control
using Adaptive
Algorithm

Simulation only 18.6% Real-time tuning of PI parameters to
reduce resistive losses.

Harmonic Mini-
mization [12]

Optimized Harmonic-
Based Switching Experimental 20.3%

Loss mitigation through harmonic
distortion minimization and
ripple control.

MTPA-Pseudo
FOC [37]

Maximum Torque/
Power with Pseudo
FOC

Experimental 23.1%
Improved torque per ampere and
copper loss reduction using
enhanced FOC.

IncCond (This
Work)

Incremental
Conductance Flux
Control

Hardware-in-
the-Loop 10.22%

Fast and responsive flux adaptation
based on power–flux
gradient analysis.

Fuzzy Logic
(This Work)

Adaptive Rule-Based
Fuzzy Control

Hardware-in-
the-Loop 25.55%

Rule-based adaptation using speed
and torque inputs with real-time
implementation.

As summarized in Table 5, the proposed fuzzy logic-based adaptive flux controller
achieves the highest loss reduction of 25.55%, outperforming other advanced strategies such
as MTPA with pseudo-FOC (23.1%), harmonic-based switching (20.3%), and adaptive PI
control (18.6%). While these methods improve efficiency through techniques like optimized
torque utilization, harmonic suppression, or adaptive gain tuning, they do not directly
implement real-time adaptive flux control. In contrast, the fuzzy logic and incremental
conductance strategies presented in this work are the only approaches in the comparison
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that explicitly regulate the flux reference for BLDC motor drives based on instantaneous
speed and torque conditions. This distinction underscores the practical relevance and
effectiveness of adaptive flux control in reducing copper and core losses under dynamic
operating conditions, as demonstrated through HIL-based validation.

6. Conclusions

This work presented a novel adaptive flux control strategy for BLDC motors that
intelligently adjusts the stator flux in real-time to reduce power losses and improve overall
system efficiency. The proposed framework integrates IncCond and FLCs to adaptively
regulate flux based on varying speed and load conditions. Experimental validation on
a 100 W BLDC motor confirmed that the adaptive strategy significantly outperforms
conventional fixed flux control in terms of energy efficiency and power loss reduction. The
IncCond method achieved a 10.22% reduction in total power losses compared to fixed flux
control by leveraging the instantaneous power–flux relationship for fast and responsive
flux adaptation. Originally developed for photovoltaic systems, IncCond proved highly
effective in BLDC motor control, enhancing system dynamics under changing load and
speed conditions.

Subsequently, the fuzzy logic controller further improved performance by incorporat-
ing expert knowledge to adjust the stator flux based on real-time speed and torque inputs.
This strategy delivered the best overall results, achieving a 25.55% loss reduction relative
to the fixed flux approach, especially under dynamic operating scenarios. Although the
implementation was carried out on a small-scale motor, the proposed methodology is
scalable to larger motors and drive systems. The observed trends in loss reduction and
control performance are expected to translate effectively to applications such as electric
vehicles and renewable energy systems, where efficiency optimization is critical.

In summary, the proposed adaptive control approach offers a robust and scalable solu-
tion for minimizing losses in BLDC motor drives. Future research will focus on integrating
this strategy into multi-level control architectures and further refining the fuzzy rule base
and adaptation logic for enhanced real-time performance in embedded applications.
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Abstract: Accurate modeling and performance analysis of brushless DC (BLDC) motors are
essential for high-efficiency control in modern drive systems. In this article, a BLDC motor
was modeled using system identification techniques. In addition, experimental data were
collected from the BLDC motor, including its speed response to various input signals. Using
system identification tools, particularly those provided by MATLAB/Simulink R2024b,
an approximation model of the BLDC motor was constructed to represent the motor’s
dynamic behavior. The identified model was experimentally validated using various
input signals, demonstrating its accuracy and generalizability under different operating
conditions. Additionally, a series of mechanical load tests was conducted using the AVL
eddy-current dynamometer to evaluate performance under practical operating conditions.
Fixed load torques were applied across a range of motor speeds, and multiple torque levels
were tested to assess the motor’s dynamic response. Electrical power, mechanical power,
and efficiency of the entire system were computed for each case to assess overall system
performance. Moreover, the real-time state of charge (SOC) of Lithium-ion (Li-ion) battery
was estimated using the Coulomb counting method to analyze the impact of Li-ion battery
energy level on the BLDC motor efficiency. The study offers valuable insights into the
motor’s dynamic and energetic behavior, forming a foundation for robust control design
and real-time application development.

Keywords: brushless DC (BLDC) motor; system identification; model validation; state of
charge (SOC); lithium-ion (Li-ion) battery; Coulomb counting; AVL dynamometer

1. Introduction

Brushless DC (BLDC) motors have gained significant attention in recent years due
to their high efficiency, compact size, and reliability, making them suitable for electric
vehicles (EVs), drones, robotics, and industrial drive systems [1]. Accurate modeling of
BLDC motors is essential for the development of effective control strategies, energy-efficient
operation, and system integration. Traditional physics-based models, although useful, often
fail to account for nonlinearities such as friction, dead zones, and load variations under
dynamic operating conditions. In contrast, system identification (SI) techniques provide a
data-driven approach to derive simplified yet accurate models using experimental input–
output data, making them well suited for embedded and real-time applications [2]. A
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comprehensive dynamic characterization of BLDC motors must consider both variable-
speed input conditions and fixed-load torque levels, which are representative of real-world
operational scenarios. Additionally, performance evaluation under these conditions is
crucial for validating model generalizability and for quantifying system efficiency. In
battery-powered applications such as EVs, the performance of BLDC motors is closely
influenced by the state of charge (SOC) of the Lithium-ion (Li-ion) battery, necessitating a
unified experimental framework that integrates motor modeling, validation, load testing,
and battery analysis.

Several studies have highlighted the effectiveness of MATLAB-based system identifi-
cation in modeling BLDC motors. Khan et al. [3] demonstrated that linear and nonlinear
models identified using least-squares (LS) and NARX methods achieved over 98% accu-
racy in replicating motor dynamics, supporting the reliability of data-driven modeling
approaches. Similarly, Hat et al. [4] proposed a modeling approach for a BLDC motor using
a pseudo-random binary sequence (PRBS) excitation and system identification techniques
in MATLAB. The resulting transfer function model, with over 90% accuracy, was used
to design a PID controller implemented on an Arduino Mega for real-time control. A
data-driven framework was developed for modeling, characterizing, and identifying key
parameters of permanent magnet DC (PMDC) motors. Abouseda et al. [5] experimentally
identified the electrical and mechanical parameters of a BLDC motor using DC/AC tests
and dynamometer measurements. The resulting transfer function model was validated
in real time, demonstrating accurate dynamic representation suitable for control design.
Pandya et al. [6] presented a comprehensive framework for modeling, characterization,
and parameter identification of PMDC motors. Their approach integrated simulation and
experimental data, applying nonlinear optimization techniques to estimate key motor pa-
rameters. The study reported strong agreement between identified models and measured
responses, validating the methodology’s accuracy. Although focused on PMDC motors,
the modeling and identification strategy is also applicable to BLDC systems, highlighting
the broader importance of precise parameter estimation for accurate motor modeling and
control in electric drive applications.

Recent advances in parameter identification of electric motors have led to the de-
velopment of intelligent and hybrid estimation techniques aimed at improving dynamic
accuracy and robustness. Su et al. [7] proposed a multiparameter identification framework
for permanent magnet synchronous motors (PMSMs) using a model reference adaptive
system (MRAS) combined with a simulated annealing particle swarm optimization (SA-
PSO) algorithm, which demonstrated improved convergence and reduced error under
dynamic conditions. Yang et al. [8] introduced an energy-based modeling approach for
PMSM-driven belt conveyors and applied an online recursive least squares (RLS) identifica-
tion algorithm, which effectively captured changes in inertia and friction parameters under
varying operational scenarios. Additionally, Zhu et al. [9] provided an overview of online
parameter estimation methods for PMSMs, highlighting techniques such as EKF, RLS, and
learning-based models, and emphasizing the role of hybrid approaches for real-time perfor-
mance and noise robustness. Moreover, Kerem [10] employed an adaptive-network-based
fuzzy inference system (ANFIS) to estimate motor torque in electric vehicle applications,
showing enhanced accuracy under uncertain and nonlinear conditions. These studies
collectively highlight the growing trend toward intelligent system identification strategies
that can be extended to BLDC motors for enhanced modeling and control performance.

Intelligent control techniques have also been widely explored to enhance the modeling
and performance analysis of BLDC motor systems. Al Mashhadany et al. [11] developed
a BLDC motor model integrated with various intelligent controllers, including fuzzy
logic and artificial neural networks, and demonstrated their effectiveness in improving
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system stability and transient response under different operating conditions. Similarly, El
Sawy et al. [12] investigated the dynamic behavior of brushless AC motors using different
sensorless control schemes, highlighting the trade-offs between accuracy and computational
complexity. These studies emphasize the relevance of intelligent and sensorless techniques
in real-time control of brushless motors, and their findings can be extended to BLDC
applications for robust modeling and improved performance under varying load and
speed profiles.

A closed-loop subspace identification method based on auxiliary variables was pro-
posed by Zhang et al. to accurately model a permanent magnet BLDC motor under noisy
conditions. The technique was experimentally validated using a chassis dynamometer,
demonstrating high robustness and reliability under practical operating scenarios [13].
Arifin et al. [14] employed a PRBS input combined with the N4SID subspace identification
method to develop a dynamic model of an electric power steering motor. The identified
model was validated using PI and PID controllers tuned via various methods, where the
Haugen-tuned PI controller exhibited superior tracking performance. Although their study
focused on EPS motors, the methodology and controller evaluation approach are directly
relevant to BLDC motor modeling and control strategies. Additionally, Marcos-Andrade
et al. [15] introduced an online algebraic estimation method for identifying key parameters
and external disturbances in BLDC motors. Their approach enables real-time estimation
of variables such as load torque and speed using input–output measurements without
requiring persistent excitation. The method was validated experimentally and demon-
strated effective performance under variable operating conditions, making it suitable for
embedded control and fault detection applications. A recent study proposed a chaotic
Gaussian–Cauchy Rao algorithm (CGCRAO) to enhance the accuracy and efficiency of
parameter identification in PMSMs. The method incorporates chaotic initialization using
a Tent map to improve population diversity and convergence speed, along with a hybrid
mutation strategy based on Gaussian and Cauchy distributions to balance global and local
search capabilities [16]. Although originally applied to PMSMs, the CGCRAO algorithm’s
structure makes it adaptable for BLDC motor identification due to the similar dynamic and
electrical characteristics of both motor types.

A least squares-based optimization method was developed for estimating key pa-
rameters of DC motors using experimentally acquired data. The approach utilized the
LS-ARX algorithm and nonlinear least squares optimization to accurately determine elec-
trical and mechanical parameters such as resistance, inductance, and inertia. The method
demonstrated high model fidelity and robustness, outperforming conventional techniques
in terms of parameter accuracy and fitting performance [17]. An improved dynamic
forgetting-factor recursive least squares (FFRLS) algorithm for DC motor parameter iden-
tification was proposed, aiming to enhance the performance of traditional RLS methods.
By designing an adaptive forgetting-factor adjustment function, the improved algorithm
avoids initial fluctuations and directly initiates identification from a stable phase. It suc-
cessfully estimates key motor parameters, including moment of inertia and viscous friction.
Simulation results demonstrate that the improved FFRLS achieves faster convergence and
stronger robustness against disturbances compared to standard RLS and FFRLS meth-
ods [18]. Rodríguez-Abreo et al. [19] introduced a novel metaheuristic technique for motor
parameter identification that incorporates dynamic-response equations—from both tran-
sient and steady-state phases—as constraints in the optimization process. Implemented in
three algorithms (Grey Wolf Optimizer, Jaya, and Cuckoo Search), this approach reduced
the search space by linking some unknowns via dynamic relations. Tests on two motors
with simulated and experimental data showed the enhanced methods achieved equivalent
estimation accuracy while reducing iterations by 10–50%. Furthermore, Cortés-Romero
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et al. [20] employed RLS to estimate the electrical parameters of a BLDC motor from voltage
and speed measurements. Their model was validated in real time using Simulink and
effectively integrated into a PI controller for speed regulation. This study demonstrated
the practicality of RLS-based approaches for adaptive applications.

Recent efforts have focused on improving the accuracy and reliability of SOC esti-
mation in Li-ion batteries through enhanced Coulomb Counting techniques and hybrid
algorithms. Wu et al. [21] proposed an improved Coulomb counting method with adaptive
error correction (ICC-AEC), integrated within a dual closed-loop control structure for Li-ion
battery SOC estimation. Their approach combines a first-order RC battery model with
a forgetting-factor RLS algorithm to continuously recalibrate the initial SOC and battery
capacity in real time. Validated under dynamic load profiles and varying temperatures, the
method demonstrated superior accuracy and robustness compared to conventional mixed
and closed-loop estimation techniques. Pu and Wang [22] developed a combined SOC
estimation framework integrating a Long Short-Term Memory (LSTM) neural network
with an Unscented Kalman Filter (UKF). Their method demonstrated high prediction accu-
racy and robustness against noise, benefiting applications with irregular current profiles.
Similarly, Fahmy et al. [23] proposed a hybrid SOC estimation method for Li-ion batter-
ies that combines Coulomb counting with an adaptive unscented Kalman filter (AUKF).
Battery model parameters are identified using a state-space representation optimized via
the African Vultures Optimizer (AVOA). The hybrid method was tested under varying
temperatures and operating conditions using a 2.6 Ah Panasonic cell. Simulation results
demonstrated that this approach outperforms existing hybrid methods by achieving the
lowest estimation error across different scenarios.

The influence of mechanical load torque on motor behavior has been investigated
in various experimental settings. Noval et al. [24] evaluated a chassis dynamometer
for light EVs by analyzing the accuracy of torque and speed measurements. The study
confirmed a consistent relationship between load torque and motor speed, with low mea-
surement errors, demonstrating the dynamometer’s reliability for performance testing.
However, few studies have combined fixed-torque testing with model validation using
system identification frameworks.

Battery SOC estimation has also become a key focus in recent research. Coulomb
counting remains the most widely used method due to its real-time compatibility, though
it is susceptible to integration drift. Kunatsa et al. [25] reviewed SOC estimation techniques
and emphasized the importance of accurate SOC tracking for optimizing system efficiency
and prolonging battery life.

Despite significant advancements in each of these areas, there is a lack of comprehen-
sive experimental studies that combine system identification-based modeling, load testing
using dynamometers, and battery SOC impact analysis into a unified framework. Most
prior works focus on one or two of these aspects in isolation, limiting the understanding of
their interdependence in practical applications.

This study aims to address current research gaps by proposing a unified framework for
modeling, dynamic performance analysis under mechanical load, and SOC-aware energy
evaluation of BLDC motors. The motor’s dynamic behavior is identified and modeled
through data-driven system identification techniques using PRBS excitation implemented
in MATLAB. The resulting model is validated with diverse input signals beyond the
training dataset to assess its generalization and robustness. Mechanical performance is
experimentally evaluated using an AVL eddy-current dynamometer under various fixed
torque and variable speed conditions. Additionally, real-time SOC estimation of the Li-ion
battery is performed via the Coulomb counting method to examine the impact of battery
energy levels on motor efficiency and operational performance. This integrated framework
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provides valuable insights to support the design of robust control strategies and optimize
energy management in BLDC-based drive systems. The main contributions of this study
are as follows:

• Development of a comprehensive experimental modeling framework for BLDC motors
combining PRBS-based system identification and MATLAB tools to derive dynamic
transfer function models.

• Experimental validation of the identified model using multiple excitation signals,
including sinusoidal, exponential, ramp, and chirp waveforms, demonstrating strong
generalization beyond the training data.

• Detailed torque speed performance characterization under fixed load torque con-
ditions using an AVL eddy-current dynamometer, revealing load-dependent motor
behavior and efficiency trends.

• Measurement and analysis of electrical input power, mechanical output power, and
overall system efficiency across different operating conditions.

• Integration of real-time SOC estimation via Coulomb counting to evaluate how battery
energy levels influence motor current draw and efficiency.

• Presentation of a methodology adaptable to other BLDC motors and electric drive
systems through tuning of motor-specific parameters, facilitating broader application
in EVs, robotics, and industrial automation.

2. Mathematical Modeling of BLDC Motor

The BLDC motor is an electromechanical energy conversion device whose dynamic
behavior is governed by the interaction of electrical, magnetic, and mechanical subsystems.
While this study primarily adopts a data-driven system identification approach for model
development, it is essential to present the classical mathematical formulation of the BLDC
motor. This provides a theoretical foundation for understanding the system’s internal
structure and facilitates comparison with the experimentally identified model.

2.1. Electrical Subsystem

In a three-phase star-connected BLDC motor, the electrical dynamics of each phase
can be described by Kirchhoff’s voltage law. Neglecting mutual inductance, the voltage
equations for the a, b, and c phases are given as follows:

ua = Ria + L
ia

dt
+ ea (1)

ub = Rib + L
ib
dt

+ eb (2)

uc = Ric + L
ic

dt
+ ec (3)

In the above equations, ua, ub and uc represent the stator phase voltages applied to the
motor windings, expressed in volts (V), while ia, ib and ic denote the corresponding phase
currents, measured in amperes (A). The parameters R and L refer to the phase resistance
(Ω) and phase inductance (H), respectively, both assumed to be identical for all three phases
due to the motor’s symmetrical construction. The terms ea, eb and ec correspond to the back
electromotive forces (EMFs) generated in each phase, also expressed in volts (V), which are
functions of the rotor position and angular velocity.

Under balanced operating conditions, the sum of the three phase currents satisfies the
following equation:

ia + ib + ic = 0 (4)
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This constraint simplifies analysis and is commonly assumed in symmetric motor
configurations.

2.2. Back EMF Generation

The back EMF in each phase is generated as a result of the rotor’s motion relative to
the stator magnetic field. In BLDC motors, the back EMF typically exhibits a trapezoidal
waveform, and its magnitude is proportional to the rotor speed. The back EMF for each
phase can be modeled as follows:

ex = Ke f x(θe)ω, x ∈ {a, b, c} (5)

where ke denotes the back EMF constant, measured in volts-second per radian (V·s/rad),
while ω represents the rotor angular velocity in radians per second (rad/s). The variable
θe corresponds to the electrical rotor position, also expressed in radians (rad). The function
fx(θe) is a normalized trapezoidal waveform that depends on the electrical angle, typically
ranging between −1 and +1, and reflects the back EMF shape of each motor phase.

These waveforms are a function of rotor position and reflect the geometry of the motor
and stator winding configuration. Accurate modeling of fx(θe) is critical for advanced
control applications.

2.3. Mechanical Subsystem

The mechanical dynamics of the BLDC motor are governed by Newton’s second
law for rotational systems. The net torque applied to the rotor determines its angular
acceleration and is expressed as follows:

J
dω

dt
+ Bω = Te − Tl (6)

In the mechanical dynamics equation of the BLDC motor, J represents the moment of
inertia of the rotor, expressed in

(
kg·m2), which quantifies the rotor’s resistance to changes

in angular velocity. Parameter B denotes the viscous friction coefficient in (N·m·s/rad),
accounting for energy losses due to frictional forces opposing motion. Additionally, Te

is the developed electromagnetic torque in (N·m) generated by the motor as a result of
current flow and magnetic interaction. Finally, Tl refers to the external load torque (N·m)

applied to the motor shaft, which opposes the motor’s rotation. This relationship describes
the balance of torques acting on the rotor and governs its acceleration or deceleration under
dynamic operating conditions.

The electromagnetic torque produced by the BLDC motor is directly related to the
interaction between back EMFs and phase currents. It can be formulated as follows:

Te =
1
ω
(eaia + ebib + ecic) (7)

In many practical applications, torque is alternatively modeled using the torque
constant kt, assuming ideal linearity, and is expressed as follows:

Te = kt I (8)

where I is the equivalent or average line current and kt in (N·m/A) is typically equal to ke

in SI units when mechanical losses are neglected.
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2.4. Remarks on Model Limitations and Data-Driven Approach

The above set of differential equations constitutes the conventional analytical model of
a BLDC motor. While useful for control system design and theoretical analysis, such mod-
els require precise knowledge of several motor-specific parameters, including resistance,
inductance, back EMF profiles, and rotor inertia. In practical scenarios, these parameters
are often difficult to measure accurately or may vary due to changes in operating conditions
such as temperature, load, or aging.

To address these challenges, this study incorporates a data-driven system identifi-
cation approach. Rather than relying solely on fixed physical parameters, the dynamic
behavior of the motor is captured through experimental measurements under realistic op-
erating conditions. By applying excitation signals to the motor and recording the system’s
response, empirical transfer function models are derived that reflect the actual system per-
formance. This methodology allows for more adaptable and accurate modeling, especially
in the context of control system design, where real-world performance often deviates from
idealized models.

The data-driven model complements the theoretical formulation by providing a vali-
dated, input–output representation of the motor dynamics that accounts for nonlinearities,
unmodeled effects, and parameter uncertainties. It enables the development of more
robust control strategies and provides a foundation for further analysis under different
load conditions.

The following section describes the identification methodology, signal design, vali-
dation process, and performance evaluation of the experimentally derived BLDC motor
model under no-load conditions.

3. Materials and Methods

This section describes the hardware configuration, signal design, data acquisition pro-
cess, and experimental procedures used for dynamic modeling and performance analysis
of the BLDC motor. The methodology was structured to facilitate both system identification
conditions and comprehensive performance evaluation under fixed load torque conditions
with variable speed inputs.

3.1. Model Identification and Validation

The data-driven modeling of the 2.2 kW BLDC motor using system identification
techniques is organized into a sequence of well-defined steps to ensure clarity and
reproducibility:

1. Modeling Objective: The main goal is to develop an accurate empirical model that
captures the dynamic behavior of the BLDC motor under no-load conditions. This
model serves as a foundation for performance analysis and future control design.

2. Data Acquisition: PRBS signal is applied as excitation input to the motor through a
real-time interface. The corresponding output speed responses are recorded using the
Kelly controller.

3. Model Structure Selection: Using the System Identification Toolbox in MATLAB,
different linear transfer function structures are explored to represent the input–output
relationship of the system.

4. Model Parameter Estimation: The model parameters are estimated based on a
prediction-error minimization algorithm using least-squares fitting techniques.

5. Model Validation and Performance Analysis: The BLDC motor model was identi-
fied using input and output data obtained under PRBS excitation. To evaluate the
model’s ability to generalize beyond the identification dataset, various independent
test signals, such as sinusoidal, exponential, ramp, and chirp waveforms, were ap-
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plied experimentally to the physical system and to the identified model in MATLAB
Simulink. The simulated responses were then compared with the corresponding
experimental results to qualitatively assess the accuracy of the model across a range
of dynamic operating conditions.

This structured methodology ensures a systematic representation of the motor’s
dynamic characteristics based on experimental data.

3.2. Experimental Setup

The experimental platform was developed around a three-phase 2.2 kW BLDC motor,
controlled via a Kelly KLS12301-8080I controller (Kelly Controller Inc., Shanghai, China).
The motor was mechanically coupled to an AVL eddy-current dynamometer (AVL List
GmbH, Graz, Austria), capable of applying precise, programmable load torques while
simultaneously measuring shaft speed and torque with high accuracy. The experimental
configuration is depicted in Figure 1, and the main technical specifications of the BLDC
motor are listed in Table 1.

 

Figure 1. Experimental setup of components used for BLDC motor testing.

Table 1. Specifications of the BLDC motor used in this study.

Specification Value

Rated Power 2.2 kW
Phase Voltage 24.5 V

Maximum Rotational Speed 3600 rpm
Motor Mass 17 kg

Nominal Efficiency 80%
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3.3. Signal Design and Data Acquisition

To evaluate the dynamic response of the BLDC motor under open-loop conditions, a
set of voltage input signals was generated using MATLAB/Simulink and transmitted to the
analog input of the Kelly KLS12301-8080I controller via an NI USB-6009 data acquisition
(DAQ) device (National Instruments, Austin, TX, USA). These signals modulated the
duty cycle of the motor drive, enabling precise control of motor speed. Five distinct
excitation waveforms were employed to stimulate the system across a wide range of
dynamic behaviors:

• Sinusoidal signal was applied to evaluate the frequency response characteristics of
the system.

• Exponentially rising signal was used to replicate smooth acceleration profiles.
• Chirp signal was employed to excite the system across a continuously varying fre-

quency range.
• Ramp signal was utilized to analyze the system’s response to linearly increasing inputs

and to detect any lag or rate limitations.
• PRBS signal was introduced to provide broadband excitation for system identification,

enabling accurate modeling across a wide frequency spectrum.

Each excitation waveform was carefully generated in MATLAB and applied in real
time using Simulink’s analog output blocks connected to the NI USB-6009 data acquisition
device. The corresponding motor speed responses were measured using a Hall-effect
sensor and recorded in MATLAB for subsequent offline analysis.

All tests in this phase were conducted under no-load conditions to isolate the motor’s
inherent electrical and mechanical dynamics, free from external resistive torques. Al-
though the BLDC motor was mechanically coupled to an AVL eddy current dynamometer
(operated in passive mode), no active loading was applied during this stage. The result-
ing input–output datasets were subsequently used for system identification and model
validation, as detailed in the following section.

3.4. System Identification Procedure

The acquired datasets were directly used in MATLAB’s System Identification Toolbox
to derive an empirical model representing the input–output dynamics of the BLDC motor.
No preprocessing, such as offset removal, detrending, or filtering, was applied to the raw
data to preserve the original system behavior during model estimation.

The transfer function of the BLDC motor was evaluated to obtain a simplified,
continuous-time representation of its input–output behavior. This approach enables the
characterization of key dynamic properties such as gain, time constants, and system order,
and provides a foundation for designing classical control strategies. Moreover, the transfer
function model facilitates validation by comparing its simulated response to experimental
speed data under various test inputs.

Multiple excitation signals were assessed to determine the most suitable input for
system identification. A separate transfer function was estimated for each signal type,
and the resulting models were compared based on their ability to generalize to other test
conditions. The excitation signal that yielded the most accurate and consistent model
performance across different input scenarios was selected for use in the final identification
and validation process.

3.5. Load Testing Procedure: Torque–Speed Characterization

To evaluate the performance of the BLDC motor under realistic loading conditions,
a series of controlled mechanical load tests was conducted using an AVL eddy-current
dynamometer. The objective was to assess the motor’s behavior under varying speeds
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at fixed load torques and to quantify its efficiency across different operating points. The
test methodology involved applying a variable reference speed at several discrete torque
levels. Specifically, the dynamometer applied constant torque values ranging from 0 to
4 N·m. For each fixed torque level, the motor was driven through a speed range from
0 to approximately 2900 rpm, allowing for detailed characterization of its dynamic and
steady-state performance. The Kelly KLS12301-8080I controller regulated the motor speed
via analog input, while the programmable torque was applied through the dynamometer.

During each test run, the terminal voltage and current of the Li-ion battery, along with
the rotational speed of the BLDC motor, were monitored using the Kelly controller and
logged in real time via a custom Python 3.12 script over RS232 communication.

This procedure enabled high-resolution mapping of the torque–speed relationship and
provided the necessary data to compute electrical input power, mechanical output power,
system efficiency, and SOC. The data collected was used in the subsequent analysis to
evaluate performance trends and identify operating regions with optimal energy efficiency.

4. Electrical and Mechanical Power Analysis, Efficiency Assessment, and
SOC Estimation

To assess the performance of the BLDC motor and the associated battery system,
both energy efficiency and the SOC of the Li-ion battery were evaluated based on the
data collected during load testing. The analysis was conducted using the electrical and
mechanical measurements obtained under fixed torque levels with varying reference speed
conditions, as described in the previous section.

4.1. Efficiency Calculation

The BLDC motor’s efficiency was determined by comparing the mechanical output
power to the electrical input power at each operating point. The electrical input power Pelec

was calculated as follows:
Pelec = VI (9)

where V is the battery terminal voltage and I is the discharge current, both measured
through the Kelly controller.

The mechanical output power Pmech was computed using the measured shaft torque
T and angular speed ω, obtained from the AVL eddy-current dynamometer and Kelly
controller, respectively. Angular speed was derived from the motor’s rotational speed
N (in rpm) as follows:

ω =
2πN

60
(10)

Pmech = Tω (11)

The overall efficiency η of the entire system was then calculated using Equation (12):

η(%) =
Pmech
Pelec

× 100 (12)

Efficiency was evaluated across all combinations of fixed torque levels and variable
speeds, enabling a detailed analysis of the system’s operating characteristics and energy
conversion behavior.
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4.2. SOC Estimation

The SOC of the Li-ion battery was estimated using the Coulomb counting method,
which integrates the discharge current over time to track charge depletion. The SOC at a
given time t was calculated as follows:

SOC(t) = SOC(t0)− 1
Cnom

∫ t

t0

I(t)dt (13)

where SOC(t0) is the initial state of charge, Cnom is the nominal battery capacity (in ampere-
hours), and I(t) is the discharge current (in amperes). The integration was performed
numerically using the logged current data sampled during testing [26].

This combined analysis enabled a comprehensive evaluation of the system’s energy
performance, supporting the identification of optimal operating points for torque–speed
control and battery utilization.

5. Results and Discussion

This section presents the results of system identification, model validation, and experi-
mental load testing of the BLDC motor. The accuracy of the identified transfer function
model is evaluated, and the motor’s performance is analyzed under fixed load torque levels
with variable speed inputs. In addition, the system’s electrical and mechanical efficiencies
are examined.

5.1. System Identification Results and Model Validation

The dynamic characteristics of the BLDC motor were identified using a continuous-
time transfer function derived from experimentally acquired input and output data. To
evaluate the system’s response under a range of conditions, various excitation signals,
including PRBS, sinusoidal, exponential, ramp, and chirp waveforms, were applied. Each
excitation signal was evaluated based on its ability to generate a model that generalizes
well across different operating conditions. Among them, the transfer function estimated
using the PRBS signal demonstrated the highest accuracy and consistency in terms of
generalization. Figure 2 shows the waveform of the PRBS signal used for identification.

Figure 2. PRBS signal used for identification.
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The transfer function model of the BLDC motor was identified using experimental
data obtained from PRBS signal excitation. The resulting model achieved a normalized
root mean square error (NRMSE) of approximately 85.38%, indicating strong agreement
between the simulated and measured behavior. The final transfer function is presented in
Equation (14):

G(s) =
ω(s)
V(s)

=
5.5296 × 104 s2 + 1.6675 × 105 s + 13.5965 × 107

s3 + 43.86 s2 + 2530 s + 1.002 × 105
(14)

The transfer function in Equation (14) was obtained using MATLAB’s System Identifi-
cation Toolbox (ident) by fitting a linear model structure to experimental voltage (input) and
rotational speed (output) data of the BLDC motor. This data-driven approach eliminates the
need to derive physical parameters directly, instead producing a compact, experimentally
validated model that reflects the motor’s dynamics. Although the model is expressed in
the Laplace domain, it corresponds to the following time-domain third-order differential
equation, as follows:

d3ω(t)
dt3 + 43.86 d2ω(t)

dt2 + 2530 dω(t)
dt + 1.002 × 105ω(t)

= 5.5296 × 104 d2V(t)
dt2 + 1.6675 × 105 dV(t)

dt + 13.5965 × 107V(t)
(15)

where ω(t) is the motor’s angular speed and V(t) is the input voltage. This representation
captures both the dynamic and steady-state behavior of the BLDC motor system and is
used throughout this study for performance evaluation and simulation.

Moreover, to evaluate its generalization capability, the identified model was validated
against experimental results obtained using other excitation signals, such as sinusoidal,
exponential, ramp, and chirp signals. Figure 3 illustrates the MATLAB/Simulink model
used for the validation of the identified BLDC motor model. In addition, a dead zone
nonlinearity was incorporated into the BLDC motor model using the Dead Zone block
in Simulink to account for the threshold input voltage below which the motor does not
respond. This behavior reflects the real characteristics of the motor, which requires a
minimum input of approximately 1.1412 volts to overcome internal friction and control
delays. As shown in Figure 4, this improves the model’s accuracy, particularly in the
low-input region.

Figure 3. MATLAB/Simulink model used for validation of the identified BLDC motor model.
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Figure 4. Model validation under different excitation signals. (a–d): Input signals applied to the
BLDC motor. (e–h): Corresponding measured and simulated speed responses.

Figure 4 shows the validation of the identified BLDC motor model using several
excitation signals to evaluate its ability to generalize beyond the PRBS identification dataset.
The input waveforms, including sinusoidal, exponential, ramp, and chirp signals, were
generated in MATLAB Simulink and applied experimentally to the motor through the NI
USB 6009 data acquisition device. The measured speed responses were compared with the
simulated outputs from the transfer function model identified using the PRBS excitation.

Figure 4e highlights the response to the sinusoidal input, demonstrating excellent
agreement between the simulated and experimental speed profiles. The simulation closely
follows the periodic behavior of the motor speed, with minimal phase delay and amplitude
deviation over the tested frequency range. These results confirm the model’s capability
to accurately capture the motor’s oscillatory dynamics and validate its applicability to
scenarios involving sinusoidal or cyclic speed inputs.

Figure 4f illustrates the system behavior under exponential excitation, which simulates
smooth acceleration profiles commonly encountered in practical motor control scenarios.
The identified model effectively reproduces the gradual increase in motor speed observed
experimentally, particularly during the initial phase where acceleration is most prominent.
Minor deviations near steady state likely stem from unmodeled nonlinearities or mea-
surement noise; however, the overall close alignment validates the model’s capability to
represent time-varying inputs with slow dynamics.

Figure 4g depicts the motor response to a ramp input, representing a linearly increasing
speed reference. The model captures the general linear trend and steady-state speed with
reasonable accuracy. The observed discrepancies during initial acceleration and transient
transitions highlight limitations due to unmodeled effects such as frictional variations or
controller nonlinearities. These findings emphasize areas for potential model refinement
while confirming the model’s utility in approximating linear speed trajectories.
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Figure 4h shows the validation under chirp excitation, where the input frequency con-
tinuously varies over time, testing the model’s dynamic fidelity across a broad frequency
spectrum. The model successfully tracks both low-frequency and high-frequency oscilla-
tions in the motor speed, demonstrating its robustness in capturing complex frequency-
dependent dynamics. This validation provides strong evidence that the model can be
reliably used for control design tasks involving varying operating conditions.

Collectively, these results demonstrate that the PRBS-identified model generalizes
well to diverse input signals, capturing key dynamic behaviors essential for practical
BLDC motor applications. The close correspondence between simulation and experiment
across different excitation types confirms the model’s accuracy and reliability, supporting
its use for advanced control development, performance analysis, and real-time system
implementation.

5.2. Torque–Speed Performance Under Load

Figure 5 illustrates the BLDC motor’s open-loop speed response under varying refer-
ence speed profiles and fixed mechanical load torques ranging from 1 to 4 N·m. In each
subplot, a stepwise speed input signal ramping from 0 to approximately 2900 rpm was
sent to the BLDC motor via the Kelly controller. The actual motor speed was measured
experimentally to assess how the system responds to changes in demand under different
load conditions.

Figure 5. Reference and measured speed responses of the BLDC motor under fixed load torques:
(a) 1 N·m, (b) 2 N·m, (c) 2.5 N·m, (d) 3 N·m, (e) 3.5 N·m, (f) 4 N·m.

At a 1 N·m load torque, as shown in Figure 5a, the motor speed closely follows
the reference input across the entire operating range, with minimal lag and deviation,
indicating that the system behaves linearly and predictably under light mechanical loading.
The measured speed rises steadily in response to each step without significant overshoot
or oscillation. Similarly, in Figure 5b (2 N·m load), the motor still responds well to the
increasing speed input, though minor delays become noticeable during transitions. These
slight discrepancies suggest a growing influence of mechanical resistance on the system’s
dynamic response.
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As the load increases to 2.5 N·m, as shown in Figure 5c, the response begins to
show more visible lag, particularly at higher reference speeds. The motor exhibits slower
acceleration and reduced peak speed compared to the commanded profile, indicating the
onset of torque-related performance limitations.

In Figure 5d, with a load of 3 N·m, under-speed behavior becomes more pronounced.
The motor fails to reach the highest reference levels within the same timeframe, reflecting
the combined effects of increased back EMF and current limitations that hinder performance
at elevated speeds under load.

At 3.5 N·m and 4 N·m, the impact of mechanical loading becomes critical, as illustrated
in Figures 5e and 5f, respectively. The motor’s actual speed significantly diverges from
the reference speed, particularly in the upper speed ranges. This reduced responsiveness
likely results from the system reaching its voltage and current delivery limits, coupled with
intensified back EMF effects and the finite torque capacity of the motor-driver setup.

These observations confirm that the BLDC motor and Kelly controller combination
maintains acceptable performance under light to moderate load conditions. However,
as mechanical torque increases, the system exhibits reduced responsiveness, especially
during rapid acceleration or high-speed operation. These trends highlight the importance
of accounting for load-dependent behavior in performance analysis and in the design of
future closed-loop control strategies or hardware selection for high-demand applications.

Figure 6 presents the variation in battery terminal voltage of the Li-ion battery under
different mechanical load torque conditions during speed ramp tests. The results reveal a
distinct correlation between load torque and voltage behavior, providing critical insight
into the battery’s dynamic response under varying operating conditions. At lower torque
levels, such as 1 and 2 N·m (Figure 6a,b), the terminal voltage remains relatively stable
across the full speed range, with only minor fluctuations during acceleration phases. This
stability reflects lower current demands and reduced internal losses within the battery
under light loading conditions.

Figure 6. Terminal voltage of the Li-ion battery during BLDC motor operation under variable
reference speed and fixed load torque conditions: (a) 1 N·m, (b) 2 N·m, (c) 2.5 N·m, (d) 3 N·m,
(e) 3.5 N·m, (f) 4 N·m.
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As the torque demand increases, the voltage profile begins to exhibit more pronounced
and sustained drops. In Figure 6c,d, corresponding to 2.5 and 3 N·m, transient voltage
dips become apparent during acceleration intervals, indicating elevated current draw due
to the increased mechanical load. The most significant effects are observed at the highest
torque levels of 3.5 and 4 N·m (Figure 6e,f), where the terminal voltage declines below 62 V
during high-speed operation. These voltage reductions are not only deeper but also more
sustained, pointing to the increased electrical stress placed on the battery. This behavior
is primarily attributed to the internal resistance of the battery and its interaction with the
peak current demands during rapid speed changes.

The results underscore the importance of incorporating battery dynamics into system-
level modeling and design. The observed sensitivity of voltage behavior to mechanical
load conditions highlights potential limitations in high-demand scenarios and the need
for effective energy management strategies. Such considerations are essential in BLDC
motor drive applications, particularly where performance, efficiency, and reliability must
be maintained under varying load conditions.

Figure 7 illustrates the variation in battery current drawn by the BLDC motor under
variable speed conditions and fixed mechanical load torques ranging from 1 to 4 N·m. The
results clearly demonstrate that battery current increases with both the applied torque and
motor speed, highlighting the dynamic electrical demand placed on the power supply
during different loading scenarios.

Figure 7. Li-ion battery current under variable reference speed and fixed load torque conditions:
(a) 1 N·m, (b) 2 N·m, (c) 2.5 N·m, (d) 3 N·m, (e) 3.5 N·m, (f) 4 N·m.

At lower torque levels (Figure 7a,b), the current profiles exhibit a gradual increase in
magnitude as the speed ramps up, with only minor fluctuations. This behavior reflects
stable operation with low energy consumption and minimal stress on the power supply. As
the torque increases (Figure 7c–e), the current traces reveal a noticeable elevation in both
average current and peak values, particularly during acceleration phases. The transient
oscillations observed are indicative of the motor’s effort to overcome higher mechanical
resistance and maintain speed tracking.
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At the highest load torque of 4 N·m (Figure 7f), the battery current peaks at approx-
imately 15 A, indicating the system’s maximum electrical load during the test sequence.
The sharper current spikes and increased variability further suggest that the drive system
is operating near its performance boundaries under this condition. These observations
underscore the significant influence of mechanical load on current demand, which directly
impacts system efficiency, battery heating, and overall energy management.

Overall, the results from Figure 7 reinforce the need for careful coordination between
torque–speed profiles and power delivery capabilities. Effective control and thermal man-
agement strategies become increasingly critical at higher loads to ensure system reliability,
protect battery health, and optimize energy utilization in BLDC motor drive systems.

Figure 8 presents the electrical input power characteristics of the BLDC motor during
variable-speed operation under fixed mechanical load torque conditions. The input power
was computed using real-time measurements of terminal voltage and current of the Li-
ion battery, obtained via the Kelly controller’s RS232 interface and processed through a
Python-based acquisition system. This analysis enables a comprehensive evaluation of the
system’s energy demand in response to varying torque and speed levels.

Figure 8. Electrical input power of the BLDC motor under variable reference speed and fixed load
torque conditions: (a) 1 N·m, (b) 2 N·m, (c) 2.5 N·m, (d) 3 N·m, (e) 3.5 N·m, (f) 4 N·m.

At a low load torque of 1 N·m (Figure 8a), the electrical input power increases gradu-
ally with speed, remaining below 650 W throughout the operating range. This relatively
modest power consumption reflects reduced current draw and low mechanical resis-
tance, leading to efficient motor operation. As the torque increases to 2 N·m and 2.5 N·m
(Figure 8b,c), the power demand rises more steeply, with peak values nearing 780 W. This
trend is consistent with increased electrical loading needed to sustain the desired speed
under greater mechanical resistance.

At higher torque levels of 3 N·m, 3.5 N·m, and 4 N·m (Figure 8d–f), the input power
exceeds 850 W during the higher-speed segments, revealing a significant escalation in
energy consumption. These operating points represent more strenuous loading conditions,
where both the current demand and the back EMF effects increase, thereby amplifying
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the required input power. Minor fluctuations in the power signal are particularly evident
during acceleration phases and are attributed to transient current surges as the motor
responds to changes in speed and load.

The results confirm a strong nonlinear dependency of electrical input power on both
mechanical torque and speed. As the torque increases, the electrical efficiency of the system
tends to decline due to elevated current demand and associated internal losses. These
findings highlight the importance of integrating power analysis into motor control and
energy management strategies, particularly for applications where sustained operation
at high torque and speed is required. The power trends presented in Figure 8 provide a
critical foundation for assessing the overall performance and efficiency of BLDC motor
drive systems under realistic operational constraints.

Figure 9 presents the mechanical output power of the BLDC motor under variable
speed operation and fixed load torque levels ranging from 1 to 4 N·m. The mechanical
power was computed in real time as the product of the measured angular speed and
the applied torque. The results demonstrate a clear dependency of mechanical power
on both speed and torque, with a generally linear trend as expected from fundamental
electromechanical principles.

Figure 9. Mechanical output power of the BLDC motor under variable reference speed and fixed
load torque conditions: (a) 1 N·m, (b) 2 N·m, (c) 2.5 N·m, (d) 3 N·m, (e) 3.5 N·m, (f) 4 N·m.

In Figure 9a, at a load torque of 1 N·m, the mechanical power increases incrementally
with each step in reference speed, reaching a peak value of approximately 280 W. The power
trace is smooth and consistent, reflecting stable system operation under light loading. As
the load torque increases to 2 N·m and 2.5 N·m in Figure 9b,c, the mechanical power output
correspondingly rises, peaking at around 480 W and 550 W, respectively. While the profiles
remain generally linear, slight ripples are observed during acceleration phases, attributable
to minor transient deviations in motor speed and torque application.

At higher load torque levels, specifically 3 N·m, 3.5 N·m, and 4 N·m, as shown in
Figure 9d–f, the mechanical power continues to increase, with values exceeding 600 W at
higher speeds. However, the fluctuations in the measured power signals become more
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noticeable at these load conditions. These variations are primarily driven by the dynamic
response of the motor and increased difficulty in maintaining speed regulation under
higher torque demands. The fluctuations also reflect the system’s response to elevated
current draw and associated back EMF and voltage drop effects, which slightly impact the
consistency of power delivery during rapid speed changes.

Overall, the results in Figure 9 confirm that the BLDC motor is capable of delivering
progressively higher mechanical power as load torque and speed increase, while also
highlighting the onset of dynamic effects under heavier loading. The consistency and
scalability of power output validate both the reliability of the experimental setup and the
accuracy of the measurement methodology. Furthermore, the increasing signal fluctuations
at higher torques underscore the importance of incorporating load-dependent performance
characteristics into motor control design and system-level energy optimization strategies.

Figure 10 presents the efficiency profiles of the system, comprising the Li-ion battery,
power electronics, and BLDC motor under variable speed conditions and fixed mechanical
load torques ranging from 1 to 4 N·m. The results indicate a strong dependence of system
efficiency on both load torque and operating speed, revealing distinct trends in the motor’s
electro-mechanical energy conversion performance.

Figure 10. Overall efficiency of the system under variable reference speed and fixed load torque
conditions: (a) 1 N·m, (b) 2 N·m, (c) 2.5 N·m, (d) 3 N·m, (e) 3.5 N·m, (f) 4 N·m.

At a low load torque of 1 N·m (Figure 10a), the system exhibits a gradual increase in
efficiency with speed, peaking at approximately 57% during high-speed operation. This
relatively modest efficiency can be attributed to the mismatch between the electrical input
power and the low mechanical output power, resulting in a higher proportion of losses,
particularly at lower operating points.

As the torque increases to 2 N·m and 2.5 N·m (Figure 10b,c), the efficiency improves
significantly, reaching peak values of 86% and 83%, respectively. This enhancement reflects
a more favorable load condition where the motor operates closer to its optimal efficiency
region, with reduced relative losses and better utilization of the supplied electrical energy.
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Under heavier load conditions of 3 N·m and 3.5 N·m (Figure 10d,e), the motor con-
tinues to demonstrate strong performance, achieving peak efficiencies of around 86%
and 78% within the system under tested conditions. Although the efficiency remains
high, slight reductions are observed, particularly at higher speeds, likely due to increased
current-induced losses and potential thermal effects.

At the maximum tested load of 4 N·m (Figure 10f), the motor sustains a system
efficiency above 70% across most of the operating range. The relatively stable efficiency
profile under this high torque level underscores the motor’s robustness and its capacity to
maintain effective energy conversion despite elevated electrical and thermal stress.

These experimental findings confirm that the BLDC motor achieves optimal efficiency
under moderate to moderately high torque conditions, where electrical input and mechan-
ical output are better matched. However, at both very low and very high torque levels,
efficiency tends to decline due to inherent system losses and thermal limitations. This
analysis emphasizes the importance of operating the motor within its optimal torque–speed
envelope to maximize performance and energy efficiency in real-world applications.

Figure 11 presents the estimated SOC of the Li-ion battery during variable-speed oper-
ation under six different fixed torque levels. These results provide valuable insight into how
mechanical loading influences battery depletion dynamics over short operational intervals.

Figure 11. SOC estimation of the Li-ion battery during variable speed operation of the BLDC motor
under different fixed load torque levels: (a) 1 N·m, (b) 2 N·m, (c) 2.5 N·m, (d) 3 N·m, (e) 3.5 N·m,
(f) 4 N·m.

At the lowest load condition of 1 N·m (Figure 11a), the SOC exhibits a slow and nearly
linear decline, falling from approximately 99% to 98.81%. This behavior reflects low current
draw, minimal internal losses, and stable energy consumption during light-duty operation.
The system operates efficiently under these conditions, with negligible stress imposed on
the battery.

As the load torque increases to 2 N·m and 2.5 N·m (Figure 11b,c), the SOC curves show
a more noticeable downward trend, ending near 98.56% and 98.28%, respectively. This
gradual increase in energy consumption is consistent with the higher electrical demands
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placed on the motor to counteract the greater mechanical load. Despite the steeper slopes,
the SOC remains within a relatively stable range, suggesting that the battery can handle
moderate load variations without significant energy strain.

At higher load levels of 3 N·m and 3.5 N·m (Figure 11d,e), the rate of SOC depletion
becomes more pronounced. The SOC drops from approximately 98.28% to 97.98% and from
97.98% to 97.64%, respectively. These changes reflect a more dynamic battery response as
the system operates under increased stress. The elevated current draw required to maintain
speed under heavier torque causes faster energy drain, revealing a nonlinear relationship
between load torque and SOC decay.

Under the maximum torque condition of 4 N·m (Figure 11f), the SOC experiences the
steepest decline, falling from about 97.64% to 97.27% over the test duration. Although the
overall drop appears small, the increased slope indicates that sustained high-load operation
would result in significantly faster battery depletion over extended periods. This test
condition approaches the battery’s performance limits, emphasizing the need for cautious
management of load profiles in practical applications.

Overall, the SOC trends across Figure 11 clearly demonstrate a direct correlation be-
tween mechanical load and battery discharge behavior. The findings confirm that as torque
increases, the motor’s current demand rises accordingly, accelerating SOC consumption.
These results highlight the importance of incorporating real-time battery monitoring and
load-aware energy management strategies to ensure reliable operation, prolong battery
lifespan, and enhance overall system efficiency in BLDC motor drive applications.

Although the experimental results are based on a 2.2 kW BLDC motor, the proposed
modeling, validation, and performance evaluation framework is broadly applicable to
other BLDC motors and electric drive systems. The system identification approach relies on
data-driven methods that are independent of motor power rating, and the PRBS excitation,
validation with various input signals, and dynamometer-based load testing are standard
techniques that can be adapted to motors of different sizes and specifications. Furthermore,
the SOC estimation via Coulomb counting is based on measured current and time integra-
tion, making it transferable to other Li-ion battery-powered systems. By applying the same
data-driven methodology and experimental procedures, this framework can be employed
to model and analyze a wide range of BLDC motors across diverse applications, including
EVs, robotics, and industrial automation.

6. Conclusions

This study introduced a comprehensive experimental framework for the modeling,
validation, and performance analysis of a 2.2 kW BLDC motor under varying fixed load
torque levels and variable speed inputs. A dynamic model of the motor was identified
using a system identification approach based on a PRBS excitation signal. The accuracy
of the identified model was validated through experimental testing using a diverse set
of input profiles, including sinusoidal, exponential, ramp, and chirp signals. The results
revealed a strong correlation between the model predictions and the measured motor
responses, confirming the model’s effectiveness in capturing the dynamic characteristics of
the motor across a wide range of operating scenarios.

Furthermore, torque–speed characterization was conducted under fixed load torques
ranging from 1 N·m to 4 N·m. The experimental results included measurements of terminal
voltage, battery current, electrical input power, mechanical output power, and system
efficiency. The analysis revealed that increasing load torque resulted in a proportional rise
in electrical power consumption and current draw. Mechanical output power increased
with load, while system efficiency improved significantly up to 3 N·m before beginning to
stabilize, indicating an optimal operating range for high-efficiency performance.
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In terms of Li-ion battery performance, the SOC behavior observed under different
load torque levels highlights how mechanical demands directly influence battery usage
in BLDC motor systems. As the load increases, the motor draws more current, leading
to a gradual but noticeable rise in energy consumption. While the SOC changes remain
modest over a short operating window, the trend is clear and consistent, with higher
torque levels resulting in faster battery discharge. These insights reinforce the need for
intelligent and load-aware energy management strategies to maintain system efficiency and
extend battery life, especially in applications requiring sustained operation under varying
mechanical loads.

Finally, the outcomes of this study demonstrate strong practical relevance. The experi-
mentally identified model and performance analysis provide a foundation for designing
advanced control strategies in EVs and hybrid electric vehicles (HEVs), where precise and
energy-efficient operation is essential. In industrial automation and robotics, the load-
dependent torque–speed behavior enables the development of accurate motion control
systems. Moreover, the integration of real-time SOC estimation highlights the relationship
between load torque and battery discharge, which is crucial for smart battery manage-
ment and energy management strategies in EVs and HEVs. This experimental framework
is adaptable to other BLDC motors and drive systems, contributing to improved con-
trol, performance optimization, and energy efficiency in electric mobility, robotics, and
industrial applications.
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Abstract: This paper presents a resilient observer-based and event-triggered control
scheme for discrete-time Cyber–Physical Systems (CPS) under Markovian Cyber-Attacks
(MCA). The proposed framework integrates a Luenberger observer for cyberattack detec-
tion with a state-feedback controller designed to preserve system stability in the presence of
Denial-of-Service (DoS) and False Data Injection (FDI) attacks. Attack detection is achieved
through residual signal generation combined with Markovian modeling of the attack dy-
namics. System stability is guaranteed by formulating relaxed Linear Matrix Inequality
(LMI) conditions that incorporate relaxation variables, a diagonal Lyapunov function, the
S-procedure, and congruence transformations. Moreover, the Event-Triggered Mechanism
(ETM) efficiently reduces communication load without degrading control performance.
Numerical simulations conducted on a three-tank system benchmark confirm enhanced
detection accuracy, faster recovery, and strong robustness against uncertainties.

Keywords: cyber–physical systems (CPS); Luenberger observer; state-feedback control;
denial-of-service (DoS); false data injection (FDI); Markovian cyberattack; linear matrix
inequality (LMI); Lyapunov function; S-procedure

1. Introduction

1.1. Background

Cyber–Physical Systems (CPS) have become fundamental in modern engineering
by enabling seamless integration between computational algorithms and physical pro-
cesses [1,2]. These systems are increasingly deployed in critical infrastructure sectors
such as smart grids, industrial automation, intelligent transportation systems, and wa-
ter distribution networks. By leveraging advanced communication networks, embedded
sensing, and control capabilities, such systems enable real-time monitoring, adaptive
decision-making, and overall process optimization [3,4]. However, this tight integration
between the cyber and physical domains introduces significant vulnerabilities. The open-
ness of networked architectures and the reliance on distributed control elements expose
these systems to a broad spectrum of cyber threats, ranging from simple disturbances to
sophisticated coordinated attacks [5,6]. Among these threats, FDI and DoS attacks are
particularly harmful. FDI attacks can stealthily alter measurement values, misleading
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controllers and compromising decision-making logic. Meanwhile, DoS attacks can inter-
rupt communication among sensors, controllers, and actuators, potentially causing control
delays or complete system shutdown [7–9]. The impact of such attacks is amplified due
to the close coupling of the cyber and physical domains in CPS, where corrupted data
may trigger unsafe or unstable physical behaviors. To mitigate these risks, substantial
efforts have been dedicated to developing anomaly detection techniques, fault diagnosis
methods, and secure control strategies. In particular, stochastic modeling approaches,
particularly those based on Markov chains, have shown great potential in capturing the
probabilistic behavior of cyberattacks and transitions between normal and compromised
system modes [10]. These models allow attack dynamics to be integrated into the control
loop, providing a more realistic representation of threat scenarios. Recent studies have
proposed advanced observer designs grounded in H∞ theory, sliding-mode techniques, or
zonotopic methods [11,12], offering strong robustness against uncertainties. However, such
techniques often come at the cost of high computational demand and tuning difficulties,
particularly in discrete-time implementations. Deep learning-based detection methods
have also shown promise in identifying cyberattacks [13], although their dependency on
training data and limited real-time guarantees remain concerns. In contrast, the Luen-
berger observer approach provides a lightweight model-based alternative that is well
suited for real-time and embedded CPS operating under event-triggered communication
protocols. Despite these advances, many existing approaches treat detection and control as
two separate components, focusing either on accurate anomaly detection [11,14] or robust
regulation [3,7,12]. This decoupled design may be insufficient in real-time scenarios, where
rapid adaptation and joint coordination are essential. Additionally, many control strategies
are developed under the assumption of bounded disturbances, neglecting the stochastic
and time-varying nature of cyberattacks. Consequently, such methods may fail to ensure
both accurate detection and robust performance under adversarial conditions. Addressing
these limitations calls for a more integrated and probabilistically informed framework
that jointly designs detection and control components to enhance resilience. A few recent
studies have begun to explore such unified strategies, combining observer-based detection
with resilient control [4,8,12]. However, these contributions still present notable limitations.
For example, the method proposed in [12] relies on adaptive control with Markovian attack
modeling, but suffers from synthesis difficulties due to the presence of BMIs. The study
in [8] addresses trajectory tracking under attack conditions, but does not include proba-
bilistic modeling of cyber threats. Similarly, while [4] proposes a stochastic observer-based
control scheme, the detection and control modules remain loosely integrated. In contrast,
the present work introduces a computationally efficient and fully integrated framework
that unifies attack detection and resilient control using relaxed LMIs. The approach explic-
itly captures the stochastic nature of cyberattacks and optimizes resource usage through
an event-triggered communication strategy. This paper addresses the aforementioned
limitations by proposing a resilient observer-based control framework for discrete-time
CPS subjected to Markovian-modeled cyberattacks. The proposed framework unifies a
Luenberger-type observer for state estimation and attack detection with a state-feedback
controller operating under an event-triggered mechanism, which reduces communication
requirements while preserving closed-loop stability. The Markov chain model captures the
probabilistic behavior of attacks and uncertainties affecting sensors and actuators [12,15].
The design procedure relies on Lyapunov stability theory, transforming BMI constraints
into LMI using relaxation variables, diagonal Lyapunov functions, the S-procedure, and
congruence transformations to ensure efficient synthesis [16,17]. In this work, the proposed
event-triggered strategy belongs to the class of Periodic Event-Triggered Control (PETC),
where the triggering condition is evaluated at discrete sampling instants. This distinguishes
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it from Continuous Event-Triggered Control (CETC), which requires continuous moni-
toring of system variables, and Self-Triggered Control (STC), where the next triggering
instant is predicted in advance based on current state information. While CETC and STC
offer potential benefits in terms of resource optimization, PETC is particularly suitable for
discrete-time cyber–physical systems due to its simple implementation and natural align-
ment with digital platforms [18]. The present framework is not directly extendable to CETC
or STC, but future investigations may explore these variants to further enhance resilience
against cyber threats. The effectiveness of the proposed method is validated through simu-
lations on a benchmark three-tank system, which is a widely used approach in CPS security
research. The results confirm the proposed framework’s ability to promptly detect attacks,
maintain robust performance, and handle noise and parameter uncertainties [19,20]. The
main contributions of this work are summarized as follows:

• Development of a unified observer-based architecture that couples real-time attack detec-
tion with resilient control, overcoming the limitations of decoupled designs [13,14].

• Explicit integration of Markovian cyberattack models in both detection and control
design, providing enhanced robustness and accuracy compared to disturbance-based
methods [4,10].

• Introduction of an event-triggered control strategy that significantly reduces commu-
nication and computation without degrading performance, a feature that has rarely
been addressed in observer-based resilient control [12].

• Efficient and tractable synthesis using relaxed LMIs, variable transformations,
and diagonal Lyapunov functions, offering a practical alternative to BMI-based
approaches [16].

• Comprehensive validation on a three-tank system benchmark, confirming fast detec-
tion, robust stabilization, and strong resilience under uncertainty.

The rest of this paper is organized as follows: the next part of this section presents
some useful notation and preliminaries; Section 2 introduces the problem formulation; in
Section 3, the synthesis procedure for the observer-based controller design is detailed and
a particular solution is proposed to overcome the BMI problem; Section 4 presents the
proposed ETM synthesis, which reduces communication and computational load without
sacrificing performance; Section 5 provides simulation results to illustrate its validity
and superiority for the considered fault-tolerant attack control scheme; Section 6 offers
a comparison with the standard case along with a discussion on the enhancement of the
main approach of this paper; finally, concluding remarks are provided in Section 7.

1.2. Notation

The following standard notation is used throughout the paper:

• MT is the transposed matrix of M.
• M is a symmetric matrix; the notation M > 0 or M < 0 means that M is Symmetric

Positive Definite (SPD) or Negative Definite (SND).
• ‖M‖ represents the the l2 norm of the vector M.
• In a matrix, the notation (�) refers to the blocks induced by symmetry.

2. Problem Formulation

The linear system provided by Equation (1) illustrates a distinctive characteristic of CPS,
namely, that the system’s input and output are measured at specific temporal points due to their
remote transmission.

xk+1 = Apxk + BpuMCA
k

yk = Cpxk + T2zs
k

(1)
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The control law is expressed as follows:

uMCA
k = uk + T1za

k

uk = Kxx̂k
(2)

where xk ∈ Rnx is the state vector of the system, yk ∈ R
ny is the measured output, uMCA

k ∈ Rnu

is the control vector, and uk ∈ Rnu is the state-feedback control. In addition, Ap, Bp, Cp

are constant matrices of appropriate dimensions, T1, T2 are the coupling matrices of the
attacks, za

k ∈ Rr represents an attack directed at the actuator, and zs
k ∈ Rm represents a

sensor attack.
The following observer with a Luenberger structure is to be considered for System (1):

x̂k = Apx̂k + Bpuk + Lx(yk − ŷk)

ŷk = Cpx̂k
(3)

where x̂k ∈ Rnx represents the states estimated by the observer, ŷk ∈ R
ny is the output

estimation vector, and Lx ∈ R
nx×ny is the gain of the observer.

The estimation error can be expressed by ek = xk − x̂k, with its dynamics defined by
the following equation:

ek+1 = xk+1 − x̂k+1. (4)

Substituting Equations (1) and (3) into Equation (4) yields the following equation:

ek+1 = (Ap − LxCp)ek + BpT1za
k − LxT2zs

k. (5)

The residual signal rk representing the difference between the output and the estimated
output is then described by

rk = Cp(xk − x̂k) + T2zs
k

rk = Cpek + T2zs
k

(6)

An augmented system is defined by the equation below:

Ωk+1 = ÃpΩk + B̃pZpk (7)

with Ωk+1 =

(
x̂k+1

ek+1

)
, Ãp =

(
Ap + BpKx LxCp

0 Ap − LxCp

)
, B̃p =

(
0 Lx T2

BpT1 −Lx T2

)
,

Zpk =

(
za

k
zs

k

)
.

3. Markovian Attacks Schemes

The following section provides definitions of the various attack schemes considered to
compromise the proper operation of the selected CPS.

3.1. DoS

In the CPS context, this type of attack aims to disrupt the transmission of control
signals and the retrieval of data from the controller. When the system is subjected to a DoS
attack, the following equation should be considered:

za
k = −φkuk

zs
k = −ψkxk

(8)

where φk, ψk are Markovian stochastic processes that take values in {0, 1} [21].
Combining the system in Equation (1) with the DoS attack model targeting the sensor

and actuator in Equation (8) yields the following expression:
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xk+1 = Apxk + BpKxx̂k − φkBpT1Kxx̂k,

yk = Cpxk − ψkT2xk.
(9)

3.2. FDI

This attack affects the sensor and controller readings, causing them to deviate from
the actual signal measurements or control data. When the system is subjected to an FDI
attack, the following equation should be considered:

za
k = −φkuk + φkwa

k

zs
k = −ψkxk + ψkws

k

(10)

where φk, ψk are Markovian stochastic processes that take values in {0, 1}, wk
a repre-

sents tampering data on the actuator, and wk
s represents tampering data on the sensor.

Substituting Equation (10) into (1) leads to

xk+1 = Apxk + BpKxx̂k − φkBpT1Kxx̂k + φkBpT1wa
k ,

yk = Cpxk − ψkT2xk + ψkT2ws
k.

(11)

Remark 1. The cyberattacks are modeled using Markovian binary processes φk and ψk, which take
values in {0, 1}. Although this abstraction simplifies the analysis, it captures essential properties
such as memory and probabilistic transitions between attack and non-attack modes. This modeling
approach has been widely adopted in the literature on resilient control for CPS [4,10,15], particularly
in scenarios involving packet dropouts, random delays, and jamming. To better capture intelligent
threats, future work may consider extended models such as semi-Markov chains, time-varying
probabilistic processes, or adversarial learning strategies.

4. Feedback Control Design

This section presents a theorem that is fundamental to establishing the stability of
the proposed system.

Theorem 1. The design of an observer-based controller for System (1) with observer dynamics
provided by (3) and a state-feedback controller as in (2) is achievable if there exist scalars SP1, λ > 0
and a symmetric positive-definite matrix Pp = PT

p > 0 along with matrices P̃p11, P̃p12, Pp22, Q̃p11,
Qp22 ∈ Rnx×nx , L̄x ∈ R

ny×nx , and K̄x ∈ Rnu×nx such that the following linear matrix inequality
admits a solution:

Qa =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

−P̃p11 + Sp1 I −P̃p12 0 0 Qa15 0
(�) −Pp22 + Sp1 I 0 0 Qa25 Qa26

(�) (�) −Sp1 I 0 Qa35 Qa36

(�) (�) (�) −Sp1 I Qa45 Qa46

(�) (�) (�) (�) Qa55 Qa56

(�) (�) (�) (�) (�) Qa66

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
< 0 (12)

153



Actuators 2025, 14, 412

where:
Qa15 = Q̃p11 AT

p + K̄T
x BT

p

Qa25 = λCT
p L̄T

x + AT
p − λAT

p QT
p22

Qa26 = AT
p QT

p22 − CT
p L̄T

x

Qa35 = TT
1 BT

p − λTT
1 BT

p QT
p22

Qa36 = TT
1 BT

p QT
p22

Qa45 = λTT
2 L̄T

x

Qa46 = −TT
2 L̄T

x

Qa55 = P̃p11 − Q̃p11 − Q̃T
p11

Qa56 = P̃p12 − In + λQT
p22

Qa66 = Pp22 − Qp22 − QT
p22.

Proof. The proof of Theorem 1 consists of three logical steps:

(i) Lyapunov-based stability condition formulation.
(ii) Application of the S-procedure and Schur complement.
(iii) Transformation of BMIs into relaxed LMIs using slack variables and diagonal Lyapunov

functions. Each transformation is guided by a mathematical rationale aimed at improv-
ing convexity and tractability. This structured approach ensures both mathematical rigor
and practical feasibility for the synthesis of observer-based resilient controllers.

First, consider the following Lyapunov function:

V(Ωk) = Ωk
T PpΩk (13)

where P > 0. The variation of V(Ωk) along the solutions of (13) is as follows.

ΔVk = V(Ωk+1)− V(Ωk)

ΔVk = ΩT
k+1PpΩk+1 − ΩT

k PpΩk

ΔVk = ΩT
k (ÃT

p Pp Ãp − Pp)Ωk + ΩT
k ÃT

p PpB̃pZpk

+ ZT
pkB̃T

p Pp ÃpΩk + ZT
pkB̃T

p PpB̃pZpk

(14)

Thus,

ΔVk =

(
ΩT

k
ZT

pk

)
Qa

(
Ωk

Zpk

)
(15)

with

Qa =

(
ÃT

p Pp Ãp − Pp ÃT
p PpB̃p

(�) B̃T
p PpB̃p

)
< 0. (16)

Application of the S-procedure [22–24] to (16) then leads to

Qa =

(
ÃT

p Pp Ãp − Pp + Sp1 I ÃT
p PpB̃p

(�) −Sp1 I + B̃T
p PpB̃p

)
< 0. (17)

Remark 2. The S-procedure is a common tool for handling quadratic inequalities, and is employed
here to guarantee the feasibility of matrix inequalities affected by uncertainties. This allows for the
introduction of positive multipliers such as Sp1 into LMIs to relax constraints while maintaining
convexity. Unlike the full framework in [22], which requires sector conditions to handle nonlin-
earities, the addressed problem in this work deals with linear dynamics and bounded stochastic
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cyberattacks modeled by Markov chains. The disturbances due to attacks are incorporated in the
observer, and are viewed as energy-limited signals rather than as sector-bounded nonlinearities.
Hence, the sector condition from [22] does not apply here, and the S-procedure simply serves as a
relaxation tool to ensure LMI feasibility.

Next, Schur’s complement [24] is applied to the terms ÃT
p PÃp, ÃT

p PB̃p, and B̃T
p PB̃p:

Qa =

⎛⎜⎝−Pp + Sp1 I 0 ÃT
p

(�) −Sp1 I B̃T
p

(�) (�) −P−1
p

⎞⎟⎠ < 0. (18)

In order to eliminate the variable P−1
p , a slack variable Qp (SPD matrix) is introduced.

The proposed methodology involves pre-multiplying the inequality by block-diag(I, I, Qp)
and post-multiplying by block-diag (I, I, QT

p ). Subsequently, it can be demonstrated that
applying the inequality −QpP−1

p QT
p ≤ Pp − Qp − QT

p leads to the following results:

Qa =

⎛⎜⎝−Pp + Sp1 I 0 ÃT
p QT

p

(�) −Sp1 I B̃T
p QT

p

(�) (�) Pp − Qp − QT
p

⎞⎟⎠ < 0. (19)

For variables Qp and Pp, the following structures are proposed:

Pp =

(
Pp11 Pp12

(�) Pp22

)
, (20)

Qp =

(
Qp11 Qp12

0 Qp22

)
. (21)

Thus, the constraint (19) becomes

Qa =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

−Pp11 + Sp1 I −Pp12 0 0 Qa15 0
(�) −Pp22 + Sp1 I 0 0 Qa25 Qa26

(�) (�) −Sp1 I 0 Qa35 Qa36

(�) (�) (�) −Sp1 I Qa45 Qa46

(�) (�) (�) (�) Qa55 Qa56

(�) (�) (�) (�) (�) Qa66

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
< 0, (22)

where:
Qa15 = AT

p QT
p11 + KT

x BT
p QT

p11

Qa25 = CT
p LT

x QT
p11 + ATQT

p12 − CT
p LT

x QT
p12

Qa26 = AT
p QT

p22 − CT
p LT

x QT
p22

Qa35 = TT
1 BT

p QT
p12

Qa36 = TT
1 BT

p QT
p22

Qa45 = TT
2 LT

x QT
p11 − TT

2 LT
x QT

p12

Qa46 = −TT
2 LT

x QT
p22

Qa55 = Pp11 − Qp11 − QT
p11

Qa56 = Pp12 − Qp12

Qa66 = Pp22 − Qp22 − QT
p22.
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Applying pre- and post-multiplication of Equation (22) by block-diag(Q̃p11, I, I, I, Q̃p11,
I) and block-diag(Q̃T

p11, I, I, I, Q̃T
p11, I) with Q̃p11 = Q−1

p11 and defining P̃p12 = Q̃p11Pp12,

P̃p11 = Q̃p11Pp11Q̃T
p11 results in

Qa =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

−P̃p11 + Sp1 I −P̃p12 0 0 Qa15 0
(�) −Pp22 + Sp1 I 0 0 Qa25 Qa26

(�) (�) −Sp1 I 0 Qa35 Qa36

(�) (�) (�) −Sp1 I Qa45 Qa46

(�) (�) (�) (�) Qa55 Qa56

(�) (�) (�) (�) (�) Qa66

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
< 0, (23)

where:
Qa15 = Q̃p11 AT

p + Q̃p11KT
x BT

p

Qa25 = CT
p LT

x (In − QT
p12Q̃T

p11) + AT
p QT

p12Q̃T
p11

Qa26 = AT
p QT

p22 − CT
p LT

x QT
p22

Qa35 = TT
1 BT

p QT
p12Q̃T

p11

Qa36 = TT
1 BT

p QT
p22

Qa45 = TT
2 LT

x − TT
2 LT

x QT
p12Q̃p11

Qa46 = −TT
2 LT

x QT
p22

Qa55 = P̃p11 − Q̃p11 − Q̃T
p11

Qa56 = P̃p12 − Q̃p11Qp12

Qa66 = Pp22 − Qp22 − QT
p22.

The observer gain Lx appears in the constraint as a multiplier of both Q22 and
(In − Q̄11Q12), making the design more complex. A suitable approach to simplify the
problem is to impose the following expression of Qp12:

Qp12 = Qp11 − λQp11Qp22 (24)

where λ is a positive scalar introduced to increase the flexibility of the LMI condition.
The resulting structure of the matrix Qp is expressed as follows:

Qp =

(
Qp11 Q11 − λQp11Qp22

0 Qp22

)
. (25)

Then, we obtain

Qa =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

−P̃p11 + Sp1 I −P̃p12 0 0 Qa15 0
∗ −Pp22 + Sp1 I 0 0 Qa25 Qa26

0 0 −Sp1 I 0 Qa35 Qa36

0 0 0 −Sp1 I Qa45 Qa46

∗ ∗ ∗ ∗ Qa55 Qa56

∗ ∗ ∗ ∗ ∗ Qa66

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
< 0, (26)

where:
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Qa15 = Q̃p11 AT
p + Q̃p11KT

x BT
p

Qa25 = λCT
p LT

x QT
p22 + AT

p − λAT
p QT

p22

Qa26 = AT
p QT

p22 − CT
p LT

x QT
p22

Qa35 = TT
1 BT

p − λTT
1 BT

p QT
p22

Qa36 = TT
1 BT

p QT
p22

Qa45 = λTT
2 LT

x QT
p22

Qa46 = −TT
2 LT

x QT
p22

Qa55 = P̃p11 − Q̃p11 − Q̃T
p11

Qa56 = P̃12 − In + λQT
p22

Qa66 = Pp22 − Qp22 − QT
p22.

Finally, using a simple changes of variables K̄x = Q̃p11KT
x and L̄x = LxQp22, we can

obtain the LMI described in (12). This ends the proof of Theorem 1.

5. Event-Triggered Strategy Design

In event-triggered control, the input signal uk is not sent to the controller at each
sampling period; instead, updates are transmitted only at specific instants, denoted k′. This
approach ensures that the control signal remains constant until a predefined triggering crite-
rion is satisfied, at which point it is updated. The update times tk are determined according
to a predefined condition that specifies when the input signal should be transmitted. In
particular, the signal is updated only if the following condition is not satisfied:

εk
T εk − γ1 δT

k δk < 0 (27)

where εk = yk − ŷk, δk = uk − uk′ , and γ1 an attenuation rate of ek.
In other words, the transmission occurs when

εT
k+1 εk+1 − γ1 δT

k+1 δk+1 ≥ 0, (28)

provided that the initial conditions satisfy the inequality in (27).
Within our proposed structure, a control input is transmitted only when the discrep-

ancy between the most recently sent value and the currently computed input is significant
relative to the current value. This approach reduces unnecessary transmission bandwidth
usage and prevents data congestion, as highlighted by [23]. Considering the attenuation
related to the state estimation error, we can express

eT
k ek − γ1δT

k δk < 0, (29)

which is equivalent to
‖ek‖2 < γ1‖δk‖2. (30)

The updating condition is then defined as

‖ek‖2 ≥ γ1‖δK‖2. (31)

From the definition of εk, we can write

εk = ỹk − ŷk = ek + Γpzk
a =⇒ ‖εk‖2 ≥ ‖ek‖2, (32)
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where Γp =

[
γ1 0
0 γ2

]
and γ2 is the attenuation rate of εk.

Equation (29) then becomes

‖εk‖2 ≥ ‖ek‖2 ≥ γ1‖δk‖2, (33)

which is equivalent to violating the condition in (27).

6. Simulation Results

In the field of chemical process engineering, interconnected tank systems play a crucial
role. These systems are an essential tool for automatic control. They are composed of multiple
tanks interconnected by strategically placed pipes and valves [8].

The various parameters and variables of this system are as follows:

xk =

⎡⎢⎣h1
k

h2
k

h3
k

⎤⎥⎦, uk =

[
Q1

k
Q2

k

]
, yk =

⎡⎢⎣h1
k

h2
k

h3
k

⎤⎥⎦
where Q1,2

k are the flow rates of the two pumps and h1,2,3
k are the levels of liquid in each

tank. The dynamic input, output, and cyberattack distribution matrices are

Ap =

⎡⎢⎣ 1 0 0.0001
0 1 −0.0001

−0.0001 −0.0001 1

⎤⎥⎦, Bp =

⎡⎢⎣0.0649 0
0 0.0649
0 0

⎤⎥⎦, Cp = I3

T1 =

[
1 0 0
0 1 0

]
, T2 =

⎡⎢⎣1 0 0
0 1 0
0 0 1

⎤⎥⎦.

The initial conditions are xk(0) =
[
0.4 0.2 0.3

]T
, x̂k(0) =

[
0.32 0.16 0.24

]T
.

For the simulation, the following values of the system parameters are established:

wa
k =

⎡⎢⎣ 0.83
1.5

−0.45

⎤⎥⎦, ws
k =

⎡⎢⎣−0.2
0.65
0.85

⎤⎥⎦.

Resolving (12) using the YALMIP� solver in MATLAB provides:

Lx =

⎡⎢⎣0.6512 0.0002 0.0051
0.0002 0.6512 0.0055
0.0050 0.0053 0.6234

⎤⎥⎦, Kx =

[
−1.5672 −0.0013 0.1996
−0.0013 −1.5671 0.2084

]

Sp1 = 0.01, λ = 0.005.

6.1. Nominal Case Without Cyberattacks

Initially, Figures 1–3 present the evolution of the control input uk, residuals signals rk,
and estimation errors ek when no attacks are present, thereby verifying the stability of the
proposed system.
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Figure 1. Evolution of uk in the absence of cyberattacks.
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Figure 2. Evolution of ek in the absence of cyberattacks.
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Figure 3. Evolution of rk in the absence of cyberattacks.

6.2. Transient Performance Under Cyberattacks

In the following section, attention is directed to the behavior of errors, residuals, and
various system states in the presence of cyberattacks. A The DoS attack is implemented
within [400 k, 800 k], while the FDI attack occurs in the interval [1200 k, 1400 k].

The simulation results presented in Figures 4–6 confirm the effectiveness of the pro-
posed control approach. The combination of state-feedback regulation and a Luenberger
observer successfully mitigates the impact of cyberattacks, including both DoS and FDI
scenarios, while preserving the overall stability of the cyber–physical system. In addition,
Figure 7 highlights the evolution of the control input under attack conditions, providing
further insight into the system’s response to adversarial disturbances.
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Figure 4. Evolution of estimation error signals ek under DoS and FDI attack scenarios.
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Figure 5. Evolution of the residual signal rk under DoS and FDI attack scenarios.

160



Actuators 2025, 14, 412

0 500 1000 1500 2000 2500 3000 3500
0

0.1

0.2

0.3

0.4

’T
an

k 
Le

ve
l x

1 [m
]

 

 

Iterations (k)

x
1
 real

x
1
 estimated

400 420 440
0.034

0.0345

 

 

1200 1300 1400
0.025
0.03

0.035
0.04

0.045

 

 

0 500 1000 1500 2000 2500 3000 3500
0

0.05

0.1

0.15

0.2

T
an

k 
Le

ve
l x

2 [m
]

 

 

Iterations (k)

x
2
 real

x
2
 estimated

400 450 500
0.035

0.0355
0.036

 

 

1200 1250
0.02

0.04

 

 

0 500 1000 1500 2000 2500 3000 3500
0.1

0.15

0.2

0.25

0.3

0.35

T
an

k 
Le

ve
l x

3 [m
]

 

 

Iterations (k)

x
3
 real

x
3
 estimated

400 450 500
0.265

0.27

 

 
1200 1300 1400

0.21

0.22

0.23

 

 

Figure 6. Comparison of real (xk) and estimated (x̂k) tank levels under DoS and FDI attack scenarios.
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scenarios.

6.3. Response Under Sustained Cyberattacks
6.3.1. Response Under Sustained DoS Attacks

Next, to assess the impact of a sustained cyberattack, a permanent DoS attack is
initiated at 1000 k. Figures 8–10 respectively illustrate the evolution of the system outputs,
residual signals, and control input under these conditions.

161



Actuators 2025, 14, 412

0 500 1000 1500 2000 2500 3000 3500
0

0.1

0.2

0.3

0.4

M
ea

su
re

d 
O

ut
pu

t y
1 [m

]

 

 

Iterations (k)

y
1
 real

y
1
 estimated

1000 1050 1100 1150

0.029

0.03

 

 

0 500 1000 1500 2000 2500 3000 3500
0

0.1

0.2

0.3

0.4

’M
ea

su
re

d 
O

ut
pu

t y
2 [m

]

 

 

Iterations (k)

y
2
 real

y
2
 estimated

950 1000 1050 1100 1150 1200 1250

0.028

0.03

0.032

 

 

0 500 1000 1500 2000 2500 3000 3500
0.1

0.2

0.3

0.4

M
ea

su
re

d 
O

ut
pu

t y
3 [m

]

 

 

Iterations (k)

y
3
 real

y
3
 estimated

1000 1100 1200
0.22

0.23

 

 

Figure 8. Evolution of measured output yk under persistent DoS attack scenario.

0 500 1000 1500 2000 2500 3000 3500
0

0.05

0.1

0.15

R
es

id
ua

l S
ig

na
l r

1 (
T

an
k 

1)

 

 

Iterations (k)

1000 1500 2000 2500 3000 3500

−2

0

2

x 10
−4 r

1

0 500 1000 1500 2000 2500 3000 3500

0

0.01

0.02

0.03

0.04

R
es

id
ua

l S
ig

na
l r

2 (
T

an
k 

2)

 

 

Iterations (k)

1000 1500 2000 2500 3000 3500

−2

0

2

x 10
−4

 

 
r
2

0 500 1000 1500 2000 2500 3000 3500

0

0.02

0.04

0.06

R
es

id
ua

l S
ig

na
l r

3 (
T

an
k 

3)

 

 

Iterations (k)

1000 1500 2000 2500 3000 3500

−2

0

2

x 10
−3 r

3

Figure 9. Evolution of rk under persistent DoS attack scenario.
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Figure 10. Variation of uk (u1
k in blue and u2

k in red) under persistent DoS attack scenario.

Figures 8–10 confirm that the estimated outputs consistently converge towards the
real system outputs even under permanent DoS attack. Moreover, the residual signals are
highly sensitive to both the presence of attacks and potential system faults.

6.3.2. Response Under Sustained FDI Attacks

To further evaluate the system’s resilience against a sustained cyberattack, a permanent
FDI attack is introduced beginning at 1000 k. Figures 11, 12 and 13 respectively illustrate the
evolution of the system states, estimation error, and control input under this attack condition.
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Figure 11. Evolution of xk under permanent FDI attack.
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Figure 12. Variation of ek under permanent FDI attack.
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Figure 13. Variation of uk (u1
k in blue and u2

k in red) under permanent FDI attack.

Figures 11–13 provide clear evidence that the estimated states remain aligned with
the real system states even under permanent FDI attack. This confirms the effectiveness of
the proposed approach in mitigating the effect of such attacks, particularly by minimizing
the amplitude of state deviations. Furthermore, the estimation error signals generated in
such scenarios exhibit a significant degree of sensitivity not only to cyberattacks but also to
potential system faults. This demonstrates that the estimation error is sensitive to attacks
and that it can serve as a reliable indicator for both detection and diagnosis.

7. Comparative Analysis with Recent Works

This section provides a comparative analysis between the proposed observer-based
resilient control scheme and several representative methods addressing security and robust-
ness in CPS under cyberattacks. In order to more clearly position the proposed methodology
within the current research landscape, Table 1 has been extended to include recent contribu-
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tions that explicitly address the resilience of event-triggered CPS under cyberattacks. While
most traditional approaches rely on continuous-time control or periodic updates without
triggering mechanisms, a few recent studies have proposed resilient control schemes that
integrate event-based triggering with detection or robustness objectives. These works
include [23,25,26], which introduced various forms of event-triggered controllers in the
presence of DoS or sensor attacks. However, many contributions still rely on complex syn-
thesis methods (e.g., BMIs) or do not fully integrate the detection and control mechanisms
in a unified and computationally efficient framework.

Compared to the above methods, our proposed control scheme presents several distinct
advantages:

1. In terms of attack modeling, earlier works such as [3,7,9] described cyberattacks using
static or deterministic assumptions. The current approach instead uses a Markovian
modeling framework, which provides a more realistic and flexible description of
attack dynamics and transitions. This probabilistic representation aligns with modern
CPS vulnerability patterns, as highlighted in [4,12].

2. While most contributions tend to address detection and control separately [11,13,14],
our method unifies both within a single framework. By employing a Luenberger
observer for attack detection and coupling it with a state-feedback control law, the
proposed scheme ensures more rapid and coordinated reaction to anomalies in sensor
and actuator channels. This integrated architecture enhances system resilience and
minimizes performance degradation during attack periods.

3. The proposed control strategy incorporates an event-triggered mechanism, which
has rarely been explored in conjunction with observer-based cyberattack detection.
While the existing literature acknowledges the importance of reducing network traffic
and computational load [2,15], few designs provide a formal guarantee of stability
under reduced communication. The event-triggering rule proposed in this paper
ensures asymptotic stability without inducing Zeno behavior, effectively reducing the
frequency of control updates while preserving system safety.

4. Unlike earlier contributions, our proposal combines a Luenberger observer for attack de-
tection with a resilient state-feedback controller under a PETC paradigm. Furthermore, it
explicitly models FDI and DoS attacks using a Markovian switching process and ensures
robust performance through a convex synthesis approach based entirely on relaxed
LMIs. Compared to recent event-triggered methods [25,26], the proposed solution offers
a better tradeoff between resilience, computational tractability, and implementation
efficiency, especially for discrete-time CPS deployments on embedded systems.

5. From a computational perspective, the proposed synthesis procedure relies solely
on Linear Matrix Inequalities (LMIs). This contrasts with earlier BMI-based ap-
proaches [12,14], which often face difficulties in real-time implementation due to their
high complexity. By leveraging diagonal Lyapunov functions, relaxation variables,
and congruent transformations [16,27], our controller and observer can be synthesized
through convex optimization, enabling tractable deployment on embedded platforms.

6. The effectiveness of the proposed framework is validated through extensive simula-
tions on the standard three-tank benchmark.
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Table 1. Comparative summary of resilient control methods for CPS under cyberattacks.

Reference Attack Model
Detection
Method

Control
Synthesis

Triggering
Strategy

Solvability

[14] None Distributed
observer H∞ control No BMI

[3] DoS (static) Filtering Robust control No LMI

[7] Deterministic Residual
threshold Heuristic No Non-systematic

[8] Arbitrary
injection Observer-based Tracking control No LMI

[4] Markovian Stochastic
observer Robust control No LMI

[9] FDI & DoS Analysis only Constraint-based No BMI

[23] General None H∞ robust
control PETC LMI

[25] DoS Output
estimation

Output feedback
control PETC BMI

[26] Sensor attacks
(stochastic) Observer-based Event-triggered

control CETC LMI

Proposed
Method

Markovian (FDI
& DoS)

Luenberger
observer

State feedback
via relaxed LMIs PETC LMI

Note 1: The comparison in Table 1 is based on synthesis characteristics and attack mod-
els as reported in the referenced works. No numerical re-implementation was performed
unless explicitly stated.

To validate the effectiveness of the proposed resilient control approach, numerical sim-
ulations representing cyberattack scenarios were conducted and evaluated, with the results
provided in Table 2. The evaluation metrics included settling time, overshoot, tracking
error (measured as mean squared error, MSE), and computation time per control update.
These metrics comprehensively capture both transient and steady-state performance as
well as the computational efficiency of the control strategies.

Note 2: All numerical simulations were conducted using MATLAB R2023a on an Intel
Core i7 (2.6 GHz, 16 GB RAM) platform, with controller synthesis relying on YALMIP
and the SDPT3 solver. The computation times reported in Table 2 are averaged over ten
independent runs, and standard deviations were also calculated. Although the system was
evaluated under permanent and intermittent attacks, packet loss or time-varying attack
intensity were not explicitly modeled in the current study. Such network-induced uncer-
tainties will be investigated in future work to assess robustness in more realistic settings.

Table 2. Performance comparison of the proposed resilient control approach with existing methods
under cyberattack scenarios.

Method
Settling
Time (s)

Overshoot (%)
Tracking Error

(MSE)
Computation

Time (ms)

[14] 2.3 18.1 0.058 4.0
[3] 2.0 15.7 0.049 5.5
[7] 2.5 20.2 0.062 3.8
[8] 1.9 14.3 0.042 6.0
[4] 1.7 12.1 0.037 7.2
[9] 2.2 16.5 0.055 4.5

Proposed
Approach 1.2 ms 8.3 0.025 0.874
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Table 2 summarizes the quantitative results. As can be observed, the proposed method
significantly outperforms the benchmark methods in terms of faster settling time and
reduced overshoot, indicating improved transient response and stability. Additionally, the
tracking error is lower, demonstrating better accuracy despite cyberattacks.

Compared to results obtained using alternative observer-based methods such as [19],
the proposed approach demonstrates superior performance in terms of detection speed,
robustness to parametric uncertainty, and resilience to both FDI and DoS attacks. These re-
sults suggest that our method is not only theoretically sound but also practically applicable
in the context of critical infrastructure where safety and reliability are paramount.

Remark 3. The current event-triggered mechanism is designed under the PETC paradigm, where
triggering conditions are evaluated at regular sampling intervals. While this framework ensures ease of
implementation and compatibility with discrete-time platforms, it may not offer optimal resource usage
compared to STC, where the control update times are predicted in advance based on system dynamics.
Future work will focus on extending the proposed resilient control architecture to STC schemes, which
could further reduce communication overhead while maintaining robustness under cyberattacks. Such
an extension would also require revisiting the triggering conditions and observer-based synthesis to
ensure stability and detection performance under asynchronous control updates.

8. Conclusions

This paper has presented a unified observer-based resilient control framework for
discrete-time Cyber–Physical Systems (CPS) subject to Markovian-modeled cyberattacks.
The proposed approach combines a Luenberger-type observer for real-time attack detection
with a state-feedback controller driven by an event-triggered mechanism to ensure reduced
resource usage while maintaining system stability and performance. By explicitly incor-
porating the stochastic behavior of attacks through a Markov chain model, the proposed
framework significantly improves detection accuracy and enhances resilience against both
sensor and actuator compromise. This synthesis is achieved through relaxed Linear Matrix
Inequalities (LMIs) formulated using relaxation variables and diagonal Lyapunov functions,
making the proposed solution computationally efficient.

Extensive simulations on a benchmark three-tank system confirm the effectiveness
of the method in rapidly detecting cyberattacks, maintaining control performance, and
preserving closed-loop stability even under parametric uncertainty and measurement noise.
This work contributes to bridging the gap between detection and control in CPS security by
offering a robust, integrated, and practically viable solution for resilient operation under
cyber threats.

Future work will explore extension to nonlinear CPS models, adaptive estimation
techniques for unknown attack parameters, and hardware-in-the-loop implementation to
validate real-time applicability.
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Abbreviations

The following abbreviations are used in this manuscript:

CPS Cyber–Physical Systems
MCA Markovian Cyber-Attacks
BMI Bilinear Matrix Inequality
LMI Linear Matrix Inequality
DoS Denial-of-Service
FDI False Data Injection
ETM Event-Triggered Mechanism
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Abstract: The field of robotics faces significant challenges in creating adaptable and flexible
end-effectors. Soft robotics, specifically soft robotic end-effectors, offer an innovative
solution. This paper focuses on designing fluid elastomeric actuators (FEAs) for soft robotic
end-effectors. The study presents key design considerations and evaluates the use of
Finite Element Method (FEM) simulations for optimizing FEA performance. The study
then concludes by proposing design guidelines for developing application-specific fluid
elastomeric actuators.

Keywords: fluid elastomeric actuators; soft robotics; actuator design

1. Introduction

The field of robotics faces a significant challenge in creating adaptable and flexible
end-effectors, particularly in the context of modern manufacturing evolution. Industry 4.0,
or the fourth industrial revolution, represents the next developmental stage in organizing
the entire value chain process in the manufacturing industry [1]. Among the nine pillars of
Industry 4.0 identified by Suleiman et al., including autonomous robots, simulation, and
additive manufacturing, three are particularly relevant to addressing current manufacturing
limitations [2].

Current robotic systems are predominantly implemented at an automated stage where
the working environment is structured, object shapes and orientations are predetermined,
and system adaptability is minimal [1]. Consequently, existing robot end-effector combina-
tions do not readily facilitate flexible manufacturing processes. This limitation creates a
clear need for more adaptive robotic solutions.

Soft robotics, specifically soft robotic end-effectors, offer an innovative solution to
these challenges. Fluid elastomeric actuators (FEAs) are commonly employed in soft
robotic end-effectors due to their inherent adaptability [3–5]. These actuators consist of two
fundamental sections: an active section typically manufactured from more elastic material
and a passive section made from less elastic material [6], as illustrated in Figure 1. FEAs
contain internal air chambers within their active sections, and when positive air pressure is
applied, differential expansion rates between the sections create controlled bending toward
the passive section due to the resulting eccentricity.

The design optimization of FEAs involves several critical considerations that directly
influence their performance. Previous research has examined how air chamber shape affects
performance, comparing triangular, trapezoidal, rectangular, and U-shaped configurations.
Additionally, adjusting wall thicknesses alters section stiffness and flexibility, significantly
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impacting actuator performance. Understanding these design relationships is essential for
developing application-specific solutions.

This paper presents a framework that combines systematic design parameter investiga-
tion with stress analysis for practical implementation. While individual design parameters
have been studied previously, this work integrates stress distribution analysis alongside de-
formation performance to address actuator durability for industrial applications. The study
demonstrates a FEM simulation methodology and concludes by proposing practical design
guidelines for developing application-specific fluid elastomeric actuators. The study evalu-
ates the use of Finite Element Method (FEM) simulations for optimizing FEA performance
and concludes by proposing practical design guidelines for developing application-specific
fluid elastomeric actuators.

Figure 1. Illustration of the active and passive sections on FEAs, adapted from [6].

2. Literature Review

2.1. Overview of Soft Robotics and FEAs

Soft robotics employs compliant materials to create adaptive robotic structures [3–5,7]
that excel in unstructured environments due to their material composition. End-effectors
incorporating soft actuators offer improved safety in human–robot interactions and require
less precise grasp planning for component handling [8].

While FEAs represent one approach to soft actuation [3–5], alternative technologies
offer different advantages and trade-offs. Fiber-reinforced actuators provide enhanced
directional control and higher force output through embedded reinforcing fibers, enabling
precise trajectory control and improved load-bearing capacity [9–11]. However, these sys-
tems require more complex manufacturing processes and may exhibit reduced compliance
compared to non-reinforced alternatives.

Origami-based soft actuators leverage geometric folding patterns to achieve complex
motions with minimal material usage, offering lightweight solutions with predictable
kinematics [12–14]. Nevertheless, they typically provide limited force generation com-
pared to pneumatic systems due to their reliance on geometric constraints rather than
material expansion.

Jamming-enabled actuators utilize granular materials that transition between fluid
and solid states under vacuum, providing variable stiffness capabilities and universal
grasping adaptability [15–17]. While these systems offer tunable compliance, they require
additional vacuum infrastructure and may exhibit slower response times.

Each technology presents specific benefits for particular applications. However, FEAs
maintain advantages in manufacturing simplicity, predictable pneumatic control, and the
ability to achieve both sufficiently high force output and compliant interaction through
straightforward material selection and geometric optimization.

2.2. Key Design Considerations

Four primary design considerations govern FEA development: the shape, size, number
of air chambers, and the wall thickness of both active and passive sections [3–5]. These
parameters directly influence expansion performance, bending capability, and output force.
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Previous research has examined how air chamber shape affects performance, com-
paring triangular, trapezoidal, rectangular, and U-shaped configurations. Rectangular
chambers demonstrate the greatest expansion potential, while triangular chambers exhibit
the least [18]. Increasing air chamber size expands the inner surface area, potentially in-
creasing output force. Additionally, adjusting wall thicknesses alters section stiffness and
flexibility, significantly impacting actuator performance.

2.3. Challenges in FEA Design

Developing FEAs involves an iterative process where even minor design changes require
mold modifications, making physical testing resource-intensive and time-consuming [6].
Simulation software can accelerate this process, though modeling soft actuators presents
challenges due to material non-linearity and complex geometries [6,19–21].

Elastomeric materials used in FEAs are hyperelastic, allowing for large deformations
with minimal plastic deformation. This property results in complex mechanical behavior
that linear elastic theory cannot adequately describe. Accurate modeling requires determin-
ing appropriate strain energy density function coefficients that match experimental data,
necessitating the evaluation of multiple strain energy functions to identify the simplest
model with sufficient accuracy.

FEM software enables researchers to develop hyperelastic material models that ac-
celerate soft actuator design while reducing resource requirements for iterative testing
and development.

Beyond material modeling challenges, FEA development faces additional complexities
in control, sensing, and long-term performance. The non-linearity, complex geometries, and
continuum nature of soft robots increase the difficulty and complexity of measuring and
controlling these robotic structures [22,23]. Control strategies applicable to conventional
robots are not necessarily relevant to soft robots, as traditional robots consist of rigid links
and discrete joints [22]. Hysteresis effects and sensor drift present significant challenges
in dynamic applications, where sensor readings may not remain accurate over extended
operation periods [24]. Additionally, open-loop control strategies commonly used for
FEAs are insufficient for accurately controlling the desired bending angles [25]. Data-
driven control techniques offer promising approaches that generate control strategies from
physical motion data rather than predetermined models [22], potentially addressing the
inherent non-linearities in soft robotic systems.

3. Finite Element Method Approach

3.1. Purpose of FEM Simulations

The use of FEM simulations enables researchers to predict actuator performance
without relying solely on physical prototypes. Thereby reducing resource consumption
such as material and time. The purpose of this section is to investigate how selected FEM
software can simulate the design considerations identified in Section 2.2 and whether these
simulations can optimize the design process of FEAs.

3.2. FEM Model Setup

The FEM model was developed using ANSYS 2024 R1 software, with geometry based
on the symmetric FEA Computer-Aided Design (CAD) models. Symmetric FEAs were
developed to isolate the impact of each of the identified design considerations on the
expansion performance of FEAs. To ensure controlled comparisons, all actuators were
manufactured with identical baseline parameters except for the specific variable under
investigation. All geometric studies utilized symmetric fluid elastomeric actuators with
consistent wall thickness (3 mm), identical material properties (Mold Max 20), and the
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same overall actuator length. The primary performance metric evaluated was percentage
expansion relative to the actuator’s unstrained position, measured as the vertical elongation
when pressurized. Figure 2 illustrates a sectional view of the FEAs developed to test the
influence of air chamber shape.

Figure 2. The four respective air chamber shapes to test the influence of changing air chamber
shapes on the performance of FEAs: (A) triangular shape. (B) trapezoidal shape. (C) U-shape.
(D) rectangular shape.

A hyperelastic material model was developed based on uni-axial tension test data. The
uni-axial tension tests were performed according to the ASTM D412 test standard, which
covers the procedures used to determine the tensile properties of vulcanized rubber and
thermoplastic elastomers [26]. The ASTM D412 test standard is the same testing standard
used by [27] to develop a database of hyperelastic materials commonly used in soft robotics.

The elastomer used to manufacture the developed FEAs is known as Mold Max 20.
This elastomer has a Shore A hardness of 20, a mixed viscosity of 25,000 centipoise, an
elongation-at-break of approximately 512%, a tensile strength of 3.82 MPa, and a cure time
of 20 h [28]. Five ASTM D412 Type C tensile samples were cut from a ±2.3 mm thick sheet
of Mold Max 20 elastomer.

The uni-axial tension tests were performed on a Zwick/Roell Z010 power-driven
machine (ZwickRoell GmbH & Co. KG, Ulm, Germany) at an extension rate of
500 ± 50 mm/min. A 10 kN load cell measured the load with a sensitivity of 2 mV/V
while a contact extensometer measured the elongation. Figure 3 illustrates the tensile stress
vs. strain data obtained from the uni-axial tension tests.

The results presented in Figure 3 are then entered into ANSYS to determine the coeffi-
cients of the simplest hyperelastic material model providing adequate accuracy. Testing
determined that the most accurate and stable hyperelastic models were the Yeoh Third
Order and Yeoh Second Order models. These models could predict the stress–strain be-
havior of Mold Max 20 in different deformation modes from only uni-axial tension data,
as suggested by [29]. It has also been reported that these models are the most accurate for
large-strain problems [30,31].

The Third Order Yeoh model achieved a normalized error value of 12,356, slightly
lower than the Second Order model’s error value of 12,465. The Second Order Yeoh model
was selected for simulating the design considerations identified in the literature because
it has fewer parameters than the Third Order model while maintaining similar accuracy.
Figure 4 illustrates the experimental data for Specimen CS1.5 alongside the Second Order
Yeoh model and its coefficients.
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Figure 3. Tensile stress vs. strain responses of five ASTM Type C Mold Max 20 samples.

Figure 4. Yeoh 2nd Order hyperelastic model and its coefficients.

3.3. Simulation Process

The FEM simulation followed a structured approach aligned with the methodology
outlined by [31]. Initially, CAD models were developed to address the previously identified
key design considerations. A Static Structural study was established in ANSYS, implement-
ing a hyperelastic material defined using the Second Order Yeoh model. After importing
the CAD models into Design Modeler, the defined material properties were assigned and
named selections were created for the inner and outer walls of the actuator. The mesh
configuration utilized Non-linear Mechanical Physics Preference with Quadratic Element
Order and a coarse mesh size of 0.3 m. Analysis settings incorporated auto time stepping
(initial: 0.1 s, minimum: 0.0001 s, maximum: 1 s) with large deflections enabled. For
boundary conditions, the top end of each actuator was fixed while gravity and a ramped
internal pressure were applied to the inner walls. Additionally, a frictionless self-contact
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set was implemented on the outer walls. The 12 kPa pressure level was selected based on
preliminary testing to ensure safe operation well below the material’s stress limits while
providing sufficient deformation for comparative analysis. For the final application design,
40 kPa was chosen to meet the force requirements for automotive assembly applications
while maintaining stress levels below 25% of the material’s tensile strength (3.82 MPa),
ensuring durability for continuous industrial operation. The simulations evaluated total
deformation, equivalent elastic strain, and equivalent stress. Upon solution completion in
ANSYS, the results were prepared for further analysis.

4. Simulation Results

This section evaluates how FEM simulations can effectively model and optimize the
key design parameters identified in Section 2.2: air chamber shape, size, number, and wall
thickness variations. Figure 5 provides an overview of the key findings, with detailed
numerical results presented in Tables A1–A5 in the appendix. For shape comparison
studies, all actuators maintained identical wall thickness, material properties, and number
of air chambers (5), with only the air chamber geometry varying between triangular,
trapezoidal, U-shaped, and rectangular configurations. For size variation studies, actuator
shape, wall thickness, and material remained constant while only air chamber width
was systematically altered. While overall actuator length and wall thickness remained
consistent across comparisons, internal air chamber volume varied as intended, since
volume changes are fundamental to the expansion performance being investigated. Note
that this investigation focuses on reviewing the accuracy of the models created in this work,
not the simulation software itself.

Figure 5. Design parameter effects on FEA performance: (A) air chamber shape influence on
expansion percentage, (B) air chamber size effects showing inverse relationship, (C) number of
chambers impact on expansion, and (D) wall thickness effects on bending angle for both active and
passive sections.
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4.1. Geometric Variation

Four air chamber shapes were examined: triangular, trapezoidal, U-shaped, and rect-
angular. The results (Table A1) show rectangular chambers achieve the greatest expansion
(50.36%), while triangular chambers exhibit the lowest (21.21%). All configurations main-
tained stress levels well below the 3.82 MPa tensile strength of Mold Max 20, indicating safe
operation under the applied pressure. Rectangular chambers are optimal for maximum
deformation applications, while other shapes offer different balances of expansion and
stress distribution.

4.2. Size Variation

The impact of air chamber width on performance was analyzed by decreasing chamber
width from 8 mm to 6 mm in 1 mm increments (Figure 6). As shown in Table A2, smaller
chambers achieved higher expansion percentages (61.41% at 6 mm vs. 50.36% at 8 mm),
establishing an inverse relationship between chamber width and expansion capability.
While stress levels increased slightly with smaller chambers, all designs remained within
safe operational limits, highlighting a clear trade-off between maximizing expansion and
managing stress.

Figure 6. Illustration of how the size of the actuator chambers is to be changed.

4.3. Varying Number of Chambers

To examine the effect of the number of air chambers in an actuator, two additional
symmetric FEAs were designed with varying numbers of air chambers, as shown in
Figure 7.

Figure 7. The change in number of air chambers in a fluid elastomeric actuator of rectangular shape:
(A) 5 air chambers. (B) 4 air chambers. (C) 3 air chambers.

Table A3 illustrates the results obtained from the FEM simulations developed using
the CAD models depicted in Figure 7.

The results show a slight increase in the expansion percentage as the number of air
chambers increases, indicating a directly proportional relationship between the number
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of air chambers and the achievable expansion. On average, the expansion percentage
increases by 0.26% for each additional air chamber.

Actuators with three air chambers experience the highest stress, approximately
0.202 MPa, while those with four air chambers experience the lowest stress, around
0.201 MPa. Interestingly, even though the expansion percentage slightly increases with
more air chambers, the variation in stress among the different configurations is mini-
mal. This suggests that changing the number of air chambers in the actuator does not
significantly affect the structural integrity of a symmetric fluid elastomeric actuator.

4.4. Varying Wall Thickness

The final key design consideration identified in Section 2.2 is the impact of the wall
thickness of the active and passive sections of FEAs. Following a methodology similar to
that of [18], the thickness of each section is varied independently. One section’s thickness is
adjusted while keeping the other constant, and the process is then repeated with the roles
reversed. This approach allows for a systematic evaluation of how the wall thickness of an
actuator’s active and passive sections influences actuator performance.

The findings from investigating the impact of altering an actuator’s shape, size, and
number of air chambers served as a guideline for designing a basic FEA, which could be
used to investigate the fourth key design consideration. Figure 8 illustrates the designed
FEA, with the active and passive section wall thickness denoted by A and B.

Figure 8. A sectional view of the actuator developed to test the influence of varying wall thickness.

The designed actuator has a total length of 75 mm, a height of 23 mm, and a thickness
of 30 mm. It includes five air chambers, each with a width of 6 mm. The rectangular-shaped
air chambers have also been incorporated with a draft angle of 5 degrees to facilitate the
manufacturing process and reduce the likelihood of errors during demolding.

4.4.1. Varying Active Section Wall Thickness

The predicted bending angles for different active section wall thicknesses, as deter-
mined through FEM simulation, are presented in Table A4.

The data presented in Table A4 indicate that increasing the wall thickness of an
actuator’s active section reduces its bending angle. As a result, higher input pressure is
required to achieve the same level of deformation. This trend is consistent with findings
from the existing literature [31,32].

Moreover, as wall thickness increases, the equivalent stress decreases significantly,
dropping from 0.600 MPa at a thickness of 1 mm to 0.092 MPa at 4 mm. This reduction can
be attributed to the increased material resistance provided by thicker walls, which helps to
distribute pressure more evenly and minimize stress concentrations.

These results support the notion that greater wall thickness enhances actuators’ resistance
to bending. Therefore, designers must find a balance between performance—specifically,
achieving a greater bending angle—and durability when developing FEAs for various
applications.
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4.4.2. Varying Passive Section Wall Thickness

Table A5 shows the results obtained from varying the wall thickness of the actuator’s
passive section while maintaining a constant active section wall thickness of 2 mm.

The results presented in Table A5 show a consistent decrease in the bending angle as
the wall thickness of the passive section increases. Similar findings have been reported
in the literature [31–33]. Researchers attribute this trend to the increased stiffness of the
actuator that occurs with thicker passive sections, which restricts its bending ability.

The stress values in Table A5 illustrate slight fluctuations as the passive section thick-
ness increases. However, there is a general trend of decreasing stress with greater thickness.
This stress reduction suggests that thicker passive sections help distribute the applied
pressure more evenly, thereby minimizing localized stress concentrations that could lead to
material fatigue or failure. These findings imply that thinner passive sections may be more
suitable for applications requiring higher bending angles and flexibility. In comparison,
thicker passive sections may be more appropriate for applications prioritizing durability.

Table 1 summarizes the effects of key design parameters on actuator performance
based on the FEM analysis results.

Table 1. Effect of design parameter variations on actuator performance.

Parameter Varied
Expansion Bending Angle Stress

(Increasing)

Air Chamber Size Decrease † Decrease Decrease
Number of Air Chambers Increase † Increase Minimal Effect

Active Section Wall Thickness — Decrease Decrease
Passive Section Wall Thickness — Decrease Decrease

† Inferred from expansion measurement.

5. Application of Design Guidelines

Using the design insights from Section 4, a flexible and adaptable soft robotic end-
effector was developed specifically for automotive assembly applications where compo-
nents with irregular shapes and burrs are common. The design prioritized both durability
and sufficient bending capability for industrial environments.

For the actuator design, rectangular air chambers were selected based on their su-
perior expansion performance (Table A1). Five chambers were incorporated to enhance
bending capability while maintaining structural integrity. The fifth chamber features a
nearly triangular shape to improve handling of varied component geometries. A 1 mm
spacing between chambers was implemented to minimize stress and prevent self-contact
during operation.

To ensure robustness for components with burrs, a passive section thickness of 6 mm
was selected, accepting the associated reduction in bending angle. This was counterbal-
anced by using a thinner 3 mm active section wall to enhance bending performance while
still providing adequate durability for continuous industrial operation. The air chambers
were designed with a 6 mm width and a 5-degree draft angle to facilitate manufacturing
and demolding.

The resulting actuator (Figure 9) measures 100 mm in length, 39.70 mm in width,
and 26 mm in height, with a rectangular cross-section at the base to facilitate pneumatic
system connection. FEM simulations (Figure 10) confirmed that the design could achieve
the required bending performance under operating pressures while maintaining stress
levels well below material limits.
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Figure 9. Sectional view of the designed fluid elastomeric actuator.

Figure 10. Contour map of the predicted equivalent stress experienced by the designed actuator at
40 kPa.

The final soft robotic end-effector assembly incorporating these optimized FEAs is
shown in Figure 11, demonstrating the practical application of our design principles in a
functional gripper configuration for industrial use.

Figure 11. Soft robotic end-effector using FEAs.
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6. Conclusions

This study investigated fluid elastomeric actuators (FEAs) for soft robotic applications
through a systematic analysis of key design parameters. FEM simulations revealed critical
design trade-offs that inform actuator development: rectangular air chambers maximize
expansion (50.36%) compared to triangular chambers (21.21%), while smaller chamber
widths significantly increase expansion performance (61.41% at 6 mm vs. 50.36% at 8 mm).
Increasing the number of air chambers offers marginal improvements in expansion ca-
pability (approximately 0.26% per additional chamber) without substantially affecting
structural integrity.

Wall thickness analysis demonstrated a consistent inverse relationship between thick-
ness and bending angle in both active and passive sections, with active section thickness
having a more pronounced effect. The proposed actuator with 3 mm active and 6 mm pas-
sive section thicknesses balances flexibility and durability requirements for industrial appli-
cations, achieving sufficient bending performance while withstanding operational stresses.

While FEM simulations provide valuable design insights, real-world performance
may diverge from simulations due to material variations and environmental factors.

This work contributes the following: (1) a combined deformation- and stress-based
design approach for improved durability assessment, (2) systematic FEM methodology that
can reduce the need for extensive physical prototyping, and (3) practical design guidelines
derived from both performance and stress considerations for industrial applications such
as automotive assembly.

Future work should focus on experimental validation of simulated designs and de-
velopment of standard testing protocols for soft actuator performance. Additionally, in-
tegrating machine learning techniques with FEM simulations could enable automated
optimization of actuator geometry for specific application requirements.
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Appendix A. Detailed FEM Simulation Results

This appendix provides the detailed numerical results from the FEM simulations
discussed in Section 4.
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Table A1. Influence of changing the shape of an actuator’s air chambers FEM results (12 kPa).

Air Chamber Simulation Results
Shape

Expansion (%)
Strain (mm/mm)

Stress (Pa)

Rectangular 50.36 0.17632 2.043 × 105

U-Shape 37.14 0.20426 2.379 × 105

Trapezoidal 32.71 0.21309 2.482 × 105

Triangular 21.21 0.17946 2.037 × 105

Table A2. Influence of changing the size of an actuator’s air chambers FEM results (12 kPa).

Air Chamber Simulation Results
Size

Expansion (%)
Strain (mm/mm)

Stress (Pa)

Size1 (8 mm) 50.36 0.17632 2.043 × 105

Size2 (7 mm) 55.26 0.1805 2.093 × 105

Size3 (6 mm) 61.41 0.19127 2.238 × 105

Table A3. Influence of changing the number of air chambers in an actuator FEM results (12 kPa).

Number of Air Simulation Results
Chambers

Expansion (%)
Strain (mm/mm)

Stress (Pa)

5 Air Chambers 50.36 0.17632 2.016 × 105

4 Air Chambers 50.20 0.17664 2.007 × 105

3 Air Chambers 49.85 0.17638 2.021 × 105

Table A4. Predicted bending angle achieved for varying active section wall thicknesses while keeping
passive section constant at 3 mm (12 kPa).

Actuator Models
Simulation Results

Active Wall Thickness (mm) Bending Angle Stress (Pa)

Model 1.1 1 49.06◦ 5.997 × 105

Model 1.2 1.5 34.46◦ 4.872 × 105

Model 1.3 2 24.64◦ 2.964 × 105

Model 1.4 2.5 18.21◦ 1.974 × 105

Model 1.5 3 13.81◦ 1.403 × 105

Model 1.6 3.5 10.15◦ 0.994 × 105

Model 1.7 4 7.87◦ 0.926 × 105

Table A5. Predicted bending angle achieved for varying passive section wall thicknesses while
keeping active section constant at 2 mm (12 kPa).

Actuator Models
Simulation Results

Passive Wall Thickness (mm) Bending Angle Stress (Pa)

Model 1.1 1 29.68◦ 2.925 × 105

Model 1.2 2 27.34◦ 3.404 × 105

Model 1.3 3 25.32◦ 2.953 × 105

Model 1.4 4 24.16◦ 2.964 × 105

Model 1.5 5 23.30◦ 2.270 × 105

Model 1.6 6 21.42◦ 2.480 × 105

Model 1.7 7 19.16◦ 2.031 × 105

Model 1.8 8 16.81◦ 1.812 × 105
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Abstract

This paper presents a torque oscillation attenuation method for permanent magnet syn-
chronous motors (PMSMs) based on the combination of sliding-mode control (SMC) and
the equivalent input disturbance (EID) approach. To deal with the changes in PMSM
parameters, we explored a continuous-domain ant colony optimization (CDACO) method
to design a control system for such a plant. This is the first application of SMC-EID to
uncertain PMSM plants, with CDACO enabling robust parameter tuning in continuous
spaces. First, we designed an EID estimator to estimate the disturbance caused by torque
oscillation. Next, we added the estimated disturbance to the sliding-mode controller to im-
prove disturbance attenuation performance. Then, we extended an ant colony optimization
(ACO) algorithm to the continuous domain to optimize controller parameters for an uncer-
tain plant. Finally, a speed control experiment was carried out on a two-mass experimental
system for PMSMs to demonstrate the validity of the method. The experimental results
show that our method yields better control performance than the SMC.

Keywords: permanent magnet synchronous motor (PMSM); ant colony optimization
(ACO); equivalent input disturbance (EID); sliding-mode control (SMC); torque oscillation
attenuation

1. Introduction

A permanent magnet synchronous motor (PMSM) has many advantages, including a
simple structure, a large torque, and high efficiency and reliability [1]. It has been widely
used in industrial robots [2], conveyors [3], drilling machines [4], and many other industrial
applications. However, it is difficult to achieve high-precision control of a PMSM servo
system because it is affected by disturbances [5].

Torque oscillations are critical for PMSMs because they degrade the control performance
of PMSM servo systems [6]. Thus, suppressing torque oscillations is an important figure
of merit for PMSMs in the application of electrical vehicle traction, especially in low-speed
operations [7]. It has been extensively investigated in the literature. Approaches are mainly
divided into two categories: design-based and control-based [8]. The former focuses on
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optimizing the geometric structures of stators and rotors to minimize torque oscillations [9].
The latter focuses on designing control strategies to smooth the PMSM torque [10].

Control-based approaches can be used to further mitigate torque oscillations for a
suitably designed physical structure. Sliding-mode control (SMC) [11], active disturbance
rejection methods [12], and many other advanced control strategies have been applied to
PMSM control systems to achieve high control precision. The SMC system has been widely
used in control practice due to its simple structure, fast dynamic response, and strong
disturbance attenuation [13]. However, such a system requires disturbance information in
the design of a sliding-mode controller. Moreover, there is a trade-off between disturbance
attenuation performance and chattering for SMC systems. More specifically, the high
gain of a sliding-mode controller guarantees disturbance attenuation performance, but it
leads to a chattering phenomenon. Thus, SMC has been modified to reduce chattering
from various angles, such as high-order SMC [14], integral SMC [15], and a reaching-law
method [16]. However, these methods have complex structures and relatively difficult
design methods. Recent advanced SMC methods, including disturbance-observer-based
SMC for synchronous reluctance motors [17] and linear-extended-state-observer-based
terminal SMC for PMSMs [18], manage to actively estimate and attenuate disturbances,
but these lack handling of uncertainties.

Active disturbance rejection methods use observers to estimate and compensate for
disturbances actively. The equivalent input disturbance (EID) approach is one of these
methods. An EID is a signal on the control input channel of a plant that produces the
same effect on the output as actual disturbances do [19]. Compared to active disturbance
rejection control (ADRC), disturbance-observer-based control (DOBC), and other active
disturbance rejection methods, the EID approach has its unique advantages. Unlike ADRC,
the configuration of an EID system is relatively simple; unlike DOBC, it does not require
an inverse model of a plant. It yields satisfactory disturbance attenuation performance in
many applications, such as vibration depression of buildings [20], quadrotor control [21],
and servo systems [22]. It is worth mentioning that the system stability and control
performance of an SMC system are ensured by a low gain of the sliding-mode controller if
the system uses the information of a disturbance.

Several studies have demonstrated the potential to improve the oscillation attenuation
performance of PMSMs by combining SMC and EID approaches. Refs. [23,24] incorporated
EID into a conventional SMC system. These two studies allowed SMC to reject unmatched
disturbances and calculate the stability domain of SMC switching gains. However, they
did not explain how to choose specific SMC switching gains. Refs. [25,26] used SMC as
the controller in an EID system. These two methods improved the dynamic performance
of the control system. Nevertheless, they did not give the method for designing SMC
parameters. Ref. [27] used an SMC controller to suppress the estimation error that the
conventional EID approach neglected. This study managed to ensure system stability
with a low switching gain, which produced little chattering compared to conventional
SMC. However, it used the method of enlarging and reducing to design the switching gain.
There was conservativeness in the process. These studies proved that the combination
of SMC and EID improved the control performance and produced little chattering with
a low switching gain. In PMSM servo systems, the moment of inertia and the viscous
friction coefficient may change with time and operating environments. However, up to
now, the SMC-EID method has only been used to handle plants without uncertainties. It is
challenging to extend SMC-EID to plants with uncertainties.

Intelligent optimization algorithms provide a way to address the design problem of
uncertain systems. Among these algorithms, the ant colony optimization (ACO) algorithm
is a reliable population-based algorithm mimicking ant foraging behavior for solving
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discrete problems [28]. It is a multi-agent meta-heuristic optimization method. ACO
algorithms involve simple agents (ants) that cooperate with each other to achieve an
emergent unified behavior for a system. They are capable of finding high-quality solutions
for problems with a large search space [29]. Note that the solution of the ACO is obtained
from a finite set of discrete combinations [30]. The optimization of SMC parameters requires
finding a solution in a continuous solution space. How to extend the ACO method to a
continuous solution space is a critical problem.

In this study, we combine the EID and SMC methods to attenuate torque oscilla-
tion in an uncertain plant. We extend ACO to a continuous solution space and name
it continuous-domain ant colony optimization (CDACO) for designing control systems
for such plants. Unlike these prior works [23–27], which only handled plants without
uncertainties and focused on the switch gain design, we address uncertainties via CDACO,
providing a systematic multi-parameter design for real-world variations in PMSM servo
systems, where the moment of inertia and the viscous friction coefficient may change with
time and operating environments. The basic idea was presented in [31]. This paper is
a significant improvement over that paper: the plant is uncertain, and we developed a
CDACO algorithm to design the control system for such a plant. In the rest of this paper,
first, we analyze the disturbances in PMSM servo systems. Next, we present a system
configuration that combines the EID and SMC methods for a PMSM. Then, we develop
a CDACO algorithm to design the SMC-EID-based control system for an uncertain plant.
Finally, experiments verify its validity. The main contributions of this article are as follows:

(1) We applied the SMC-EID method to an uncertain system. SMC-EID attenuates a
disturbance effectively and achieves a fast response while having little chattering.

(2) We extended the discrete ACO to a continuous solution space and developed a
CDACO algorithm.

(3) We used the CDACO algorithm to design the control system for an uncertain
plant. CDACO optimizes the integral of timed square error (ITSE) of an uncertain
system to design the SMC parameters.
In this paper, ||D||∞ := sup0≤ω≤∞εmax[D(jω)], and εmax(D) means the maximum
singular value of D. D(s) is the Laplace transform of d(t) and L−1 is the inverse
Laplace transform.

2. Torque Oscillations in PMSM Servo Systems

A basic control strategy for a PMSM drive is vector control. The following model of a
PMSM (Table 1) is used for this purpose:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

did
dt

=
1
Ld

(
ud − Rid + npωLqiq

)
diq
dt

=
1
Lq

(
uq − Riq − npωLdid − npωψ f

)
dω

dt
=

1
J
(τe − Bmω + τo)

τe =
3
2

np

[
ψ f iq +

(
Ld − Lq

)
idiq

]
,

(1)

where the subscripts d and q mean the direct and quadrature axes, respectively.
The oscillation torque, τo, is mainly caused by a cogging torque and a torque ripple. A

cogging torque results from the structure of the motor, also known as a position-dependent
torque. A torque ripple is caused by the flux linkage between the permanent magnet and
the stator currents. Based on [9], we analyze and model the torque oscillation in PMSMs.
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Table 1. PMSM parameters (j = d, q).

Parameter Meaning

ij Stator current of the j axis
uj Stator voltage of the j axis
Lj Inductor of the j axis stator
R Reluctance of stator

Bm Viscous damping coefficient
J Moment of the inertia
ω Angular speed of rotor
ψ f Permanent magnet flux
np Number of pole pairs
τe Electrical torque
τo Oscillation torque

2.1. Cogging Torque

The interaction between the permanent magnet flux and the magnetic conductance
generated by the stator slot is the source of cogging torque, which is determined by its
fundamental and harmonic waves. The period of the torque is

T1 =
2np

N1
, (2)

where N1 is the least common multiple between the number of stator slots and pole pairs np.
The interaction between the direct current component of permanent magnet flux and

the harmonic interaction of magnetic conductance is another source of the cogging torque.
Similarly, the period of the torque is

T2 =
2np

N2
, (3)

where N2 is the least common multiple between the number of stator slots and rotor slots.
As a result, the cogging torque is

dcog = dcog
1 sin

πN1

np
θe + dcog

2 sin
πN2

np
θe, (4)

where d1 and d2 are the amplitudes of the cogging torque and θe is the electrical angle.

2.2. Torque Ripple

Due to a non-sinusoidal flux density distribution in air gaps, the resultant flux linkage
between the permanent magnet and the stator currents contains the harmonics in the
a-b-c frame.

The corresponding flux linkage appears as the 6th and its multiple harmonics,
which are expressed as

ψdm = ψd0 + ψd6 cos 6θe + ψd12 cos 12θe + · · · , (5)

where ψd0, ψd6, and ψd12 are the DC, the 6th, and the 12th harmonic terms of the d-axis flux
linkage and θe is the electrical angle.

The effect of a torque ripple is

dtr =
3
2

npiq

∞

∑
j=0

ψd6j cos 6jθe. (6)
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The cogging torque and the torque ripple are both functions of the angle θe. Thus,
the oscillation torque contains both of them:

dto =dcog
1 sin

πN1

np
θe + dcog

2 sin
πN2

np
θe +

3
2

npiq

∞

∑
j=0

ψd6j cos 6jθe. (7)

The disturbance model in (7) is derived from physical principles underlying PMSM
torque oscillations. Cogging torque arises from the interaction between the permanent
magnet flux and stator slot reluctance, with periods T1 and T2 determined by the least
common multiple of stator slots and rotor poles, leading to periodic harmonics. Torque
ripple originates from non-sinusoidal flux and current harmonics, typically dominated by
6th-order multiples in three-phase systems. It is a disturbance that relates to the angles
of the motor. Its frequencies vary with the speed of the PMSM. As the EID approach
attenuates disturbances in a wide frequency range, we combine the SMC and EID methods
to achieve a fast response and satisfy torque oscillation attenuation.

3. SMC-EID System for PMSM

The configuration of an SMC-EID control system (Figure 1) has four parts: a plant,
an SMC, a state observer, and a disturbance estimator. This section explains the basic
structure and configuration of the EID approach.

SMC B

A

C1s   I−

B

A

C1s   I−

L

Bd

B
+

−

−

( )fu t ( )u t ( )x t ( )y t

ˆ( )x t

Plant

State observer

Disturbance
estimator

r  t ( )

−

F(s)

τ
de 

(t)ˆ

τ
o 
(t)

τ
de 

(t)~

( )x t·

ˆ( )x t
·

Figure 1. Configuration of SMC-EID.

This study considers a surface-mounted PMSM, in which Ld = Lq. Let id = 0, which
is widely used to control such a PMSM. Thus, (1) becomes⎧⎪⎪⎪⎨⎪⎪⎪⎩

diq(t)
dt

=
1
Lq

[
uq(t)− Riq(t)− npω(t)ψ f

]
dω(t)

dt
=

1
J

[
3
2

npψ f iq(t)− Bmω(t) + τo(t)
] . (8)

Define
state variables and the control input as⎧⎪⎪⎨⎪⎪⎩

x1(t) = ω(t)

x2(t) = iq(t)

u(t) = uq(t)

(9)
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respectively. Then,

dx1(t)
dt

=
1
J

[
3
2

npψ f x2(t)− Bmx1(t) + τo(t)
]

,

dx2(t)
dt

=
1
Lq

[
u − Rx2(t)− npψ f x1(t)

]
.

(10)

The inductor of the q-axis is usually small for a small-size PMSM (less than 10 mH).
Thus, we assume that

u − Rx2(t)− npψ f x1(t) = Lq
dx2(t)

dt
= 0. (11)

This allows us to write (10) as

x2(t) =
1
R
[u(t)− Kx1(t)]. (12)

Since a voltage compensator is usually used to compensate for Kx1(t), the model of the
PMSM, (10), with a voltage compensator becomes

dx1(t)
dt

= −Bm

J
x1(t) +

3K
2JR

u(t) +
1
J

τo(t). (13)

Define the sliding surface as
σ(t) = c[r(t)− x1(t)], (14)

An SMC controller is given as

u f (t) = ε1 · sgn[σ1(t)] + λσ(t). (15)

Combining with (21) yields

u(t) = ε1 · sgn[σ(t)] + λ1σ(t)− τ̃oe(t). (16)

The control input of a conventional SMC system without EID is

u(t) = ε2 · sgn[σ2(t)] + λσ(t). (17)

3.1. Basic Structure of EID Approach

A linear plant with a disturbance{
ẋ(t) = Ax(t) + Bu(t) + Bdτo(t)

y(t) = Cx(t)
(18)

can be interpreted as a plant with an EID [32], τde(t), that is,{
ẋ(t) = Ax(t) + B[u(t) + τde(t)]

y(t) = Cx(t).
(19)

She et al. devised a method to produce an estimate of de(t) in a simple way (Figure 2) [19].
A full-order observer is used to estimate it.
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τ
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Figure 2. Basic configuration of EID approach.

The observer is {
˙̂x(t) = Ax̂(t) + Bu f (t) + L[y(t)− Cx̂(t)]

ŷ(t) = Cx̂(t),
(20)

where x̂(t) is the reconstructed state of x(t), ŷ(t) is the output of the observer, u f (t) is the
control input of the observer, and L is the observer gain. Then

u(t) = u f (t)− τ̃de(t). (21)

An estimate of the EID [19] is

τ̂de(t) = −B+LCΔx(t) + u f (t)− u(t), (22)

where
Δx(t) = x̂(t)− x(t) (23)

and
B+ =

(
BT B
)−1

BT . (24)

A low-pass filter F(s) is used to select the estimation frequency band. It satisfies

|F(jω)| ≈ 1, 0 ≤ ω ≤ ωr, (25)

where ωr is the highest angular frequency for disturbance attenuation. τ̃de(t) is the filtered
signal of τ̂de(t):

τ̃de(t) = L−1[F(s)T̂de(s)
]
, (26)

Substituting (21) into (20) yields

˙̂x(t) = Ax̂(t) + B[u(t) + τ̃de(t)] + L[y − C ˆx(t)]. (27)

Note that the difference between x(t) and x̂(t) is equivalent to the difference between τde(t)
and τ̃de(t), according to (19) and (27). Thus, a properly designed observer gain, L, can
ensure |Δx(t)| ≈ 0, which makes |τde(t)− τ̃de(t)| small enough.
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3.2. Stability Analysis

We should design the low-pass filter and the observer gain so that they do not destroy
the stability of the whole system. Let

τo(t) = 0. (28)

The plant (18) is

ẋ(t) = Ax(t) + Bu(t). (29)

Substituting (21) into (22) yields

τ̂de(t) = −B+LCΔx(t) + τ̃de(t). (30)

Combining (27), (29), and (30), and redrawing Figure 1, yields Figure 3.

B

A

C1s   I−

( )u t ( )x t ( )y t( )x t·

-ε
1

-λ
1

B

A

-C1s   I−

( )Δx t· Δx(t)
L B

+

-

F(s)
τ

de 
(t)ˆτ

de 
(t)~

( )r  t
-

Figure 3. Block diagram of SMC-EID.

The stability conditions for the improved servo system are broken down into two parts.
First, the control law (21) guarantees the stability of the EID system. Second, the feedback
control system is stable.

The transfer function from d̃(t) to d̂(t) is

G(s) = 1 − B+LC[sI − (A − LC)]−1B = B+(sI − A)[sI − (A − LC)]−1B. (31)

Theorem 1. When the system is under the following conditions, (21) guarantees the stability of the
control system.

(1) A − LC is stable.
(2) ||GF||∞ < 1. Here, ||GF||∞ := sup0≤ω≤∞εmax[G(jω)F(jω)], and εmax(G) means the

maximum sigular value of G.

The feedback system is an SMC system. The sliding surface is defined in (14). The pa-
rameters of the state-space Formula (18) for the PMSM (13) are

A = −Bm

J
, B =

3K
2JR

, Bd =
1
J

, C = 1. (32)
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The derivative of σ(t) with time is

dσ(t)
dt

=
cBm

J
x1(t)− 3cK

2JR
u(t)

=
Bm

J
[cr(t)− σ(t)]− 3cK

2JR
u(t)

=− Bm

J
σ(t)− 3cK

2JR
u(t) +

cBm

J
r(t)

. (33)

The controller is designed as (15). Then,

dσ(t)
dt

=− Bm

J
σ(t)− 3cK

2JR
[ε1 · sgn(σ(t)) + λ1σ(t)] +

cBm

J
r(t)

=−
(

Bm

J
+

3cK
2JR

λ1

)
σ(t)− 3cK

2JR
ε1 · sgn[σ(t)] +

cBm

J
r(t)

(34)

Define a Lyapunov function

V =
1
2

σ2. (35)

The system is stable when
V̇ = σ · σ̇ < 0, σ 
= 0. (36)

Then

V̇ = −
(

Bm

J
+

3cK
2JR

λ1

)
σ2 −

[
3cK
2JR

ε1 · sgn(σ)− cBm

J
r(t)
]

σ. (37)

In (37), when σ 
= 0 and λ1 > 0, −
(

Bm
J + 3cK

2JR λ1

)
σ2 < 0. We need to design ε1 to

ensure that [
3cK
2JR

ε1 · sgn(σ)− cBm

J
r(t)
]

σ > 0. (38)

It is obvious that (38) holds when the control gain ε1 satisfies

ε1 >
2RBm

3K
‖r(t)‖∞. (39)

Thus, the system is stable when Theorem 1 and (39) hold.

4. Design of EID Estimator and SMC

This section explains the design of the EID estimator and the parameters of the SMC-
EID system (c, λ, k, and ε).

4.1. EID Estimator Design

Two elements need to be selected for the EID estimation and compensation: the
low-pass filter F(s) and the observer gain L.

An appropriate low-pass filter F(s) ensures disturbance attenuation performance. A
first-order low-pass filter is designed:

F(s) =
1

TFs + 1
, (40)

where TF is used to regulate the angular-frequency band for disturbance attenuation.
The cutoff angular frequency ωc =

1
TF

.
To investigate the relationship between the cutoff angular frequency and the distur-

bance attenuation performance, we chose a set of cutoff angular frequencies of 100, 63, 32,
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16, 8, and 2 rad/s and drew Bode diagrams (Figure 4). When the cutoff angular frequency
of the low-pass filter is five times higher than a disturbance component, the component of
the disturbance estimate passes the filter with virtually no gain attenuation or phase lag.
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Figure 4. Bode plot of F(s): (a) magnitude and (b) phase.

But if the angular-frequency band is too wide, it cannot attenuate high-frequency noise
in the system. Thus, TF is chosen as [32]

TF =
1

5 ∼ 10
1

ωr
, (41)

where ωr in (41) is the highest angular frequency of disturbances. Thus,

F(jω) ≈ 1, ∀ω ∈ Ωr, Ωr = {ω| 0 ≤ ω ≤ ωr}, (42)

where Ωr is the angular-frequency band for disturbance attenuation.
After we choose an appropriate F(s), we need to design an observer gain L that

ensures |τde(t)− τ̃de(t)| is small enough.
Letting u f (t) = 0 and redrawing Figure 2 yields Figure 5.

L F(s)
τ

de 
(t) τ

de 
(t)~

--

B

A

C

1s   −

C

A

1s   − 1
B   

−

Figure 5. EID configuration for disturbance estimate analysis.
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The system is a unity feedback system and F(s) = 1
TFs+1 . The open-loop transfer

function is

Go(s) =
CB

s − A
· L(s − A)

s + (LC − A)
· B−1 · 1

TFs
=

LC
TFs2 + TF(LC − A)s

. (43)

Thus, the closed-loop transfer function from τoe(t) to τ̃oe(t) is

Gc(s) =
LC

TFs2 + TF(LC − A)s + LC
. (44)

Then, the transfer function from τoe(t) to τoe(t)− τ̃oe(t) is

Ge(s) = 1 − Φτ(s) =
TFs2 + TF(LC − A)s

TFs2 + TF(LC − A)s + LC

=
s2 + (LC − A)s

s2 + (LC − A)s + LC
TF

.
(45)

According to the Routh Criterion, it is stable when

LC > 0. (46)

Ge(s) can be interpreted as⎧⎪⎪⎪⎨⎪⎪⎪⎩
Ge(s) =

s[s + (LC − A)](
s + (LC−A)−√

Δ
2

)(
s + (LC−A)+

√
Δ

2

)
Δ = (LC − A)2 − 4

LC
TF

.

(47)

We choose an L that ensures
Δ > 0. (48)

Δ can be represented by

Δ =(LC)2 − 2
(

A +
2

TF

)
LC +

(
A +

2
TF

)2
− 4

ATF + 1
T2

F

=

[
LC −

(
A +

2
TF

)]2
− 4

ATF + 1
T2

F
.

(49)

When LC is large enough that[
LC −

(
A +

2
TF

)]2
� 4

ATF + 1
T2

F
. (50)

Then, √
Δ ≈ LC −

(
A +

2
TF

)
. (51)

Thus,

Ge(s) =
s[s + (LC − A)](

s + 1
TF

)[
s +
(

LC − A − 1
TF

)] . (52)
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As the zero −(LC − A) and the pole −(LC − A − 1
TF
) are close to each other, and they are

both far from other zeros and poles, they result in zero-pole cancellation. Then,

Ge(s) ≈ s
s + 1

TF

. (53)

According to (41),
1

TF
= m · ωr, m ∈ [5, 10]. (54)

From the Bode diagram of Ge(s) is shown as Figure 6.
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Figure 6. Bode diagram of Ge(s). The solid line represents the exact frequency response, while
the dashed line denotes the asymptotic magnitude characteristic indicating the slope and cut-
off frequency.

When the disturbance frequency satisfies

ωτ ≤ ωr, (55)

the inequality below holds.

‖Ge · τoe‖∞ ≤ 1
m
||τoe||∞. (56)

We choose the observer gain L that follows (48) and (50).

4.2. Ant Colony Optimization-Based SMC Design

We replaced the sign function in SMC with a saturation function to further suppress
chattering. As a result, the SMC-EID in this study is

u(t) = ε1 · sat
[

σ(t)
k

]
+ λ1σ(t)− τ̃de(t), (57)

where

sat
(σ

k

)
=

⎧⎪⎪⎨⎪⎪⎩
1, σ < −k

σ/k, − k ≤ σ ≤ k

1, σ > k,

(58)

and the positive constant k is the linear region of the saturation function. As shown in (14),
c should be a positive real number. Thus, c = 1 is chosen for the design of ε1, k1, and λ1 in
(57). As there are uncertainties in the system, we set up a group of systems with different
parameters. The number of systems is N. The optimal set of control parameters should
show great control performance in all systems.

ε1 is the switching gain of the SMC and ε1/k1 is the gradient of the saturation function.
The smaller k1 is, the closer to a sign function the saturation function is. While the combi-
nation of a larger ε1 and a smaller k1 yields better disturbance attenuation performance, it
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produces larger chattering. The chattering is bounded by the saturation function sat
(

σ
k
)
,

limiting amplitude to |ε1/k|. λ1 is a proportional control gain. The larger it is, the faster the
dynamic response is and the larger the overshoot is.

This study developed a method of designing the SMC parameters based on CDACO
to solve the problem.

A conventional ACO solution space is usually a discrete solution space. However, this
study needs to find a solution in a continuous solution space.

Let an ant be [ε1, k1, λ1]. The pheromone of Ant n in the ith iteration is{
phe(i)m = 0, for i = 0

phe(i)m = (1−ζ)phe(i−1)
m + ζe−pE, for i > 0 & ζ < 1,

(59)

where p is a weight of the performance index, which is a positive constant indicating
the transition performance; ζ is a forgetting factor; and E is the weighted average of
En (n = 1, 2, · · · , N). En is the ITSE of the n-th system:

En =
∫ 2

0
t(ω − ω)2dt. (60)

En is small when

(1) Settling time is short;
(2) Overshoot is small;
(3) Chattering is little;
(4) Static error is eliminated.

En evaluates the control performance comprehensively. The smaller En is, the better
the overall control performance is. The optimal ant has the smallest performance index En

and the largest pheromone (pheopt), that is, a small speed fluctuation and small chattering.
It searches around itself and looks for a better solution.

Other ants calculate their transition probabilities. For example, the probability of Ant
n is

P(i)
n =

pheopt − phe(i)n

pheopt
. (61)

Thus, a low pheromone means the ant has a high transition probability of moving toward
the optimal solution. If it decides not to do so, then it searches around itself.

We condense the above discussion as follows:
CDACO algorithm:

(Step 1) Set the number of ants M, evaporation rate ρ, initial pheromone τ, and max iteration
times I. Generate initial ants uniformly in the search space justified by the lower bound
from (39) to ensure stability and the upper bound to avoid excessive gain.
(Step 2) Update the pheromone for each ant using (59).
(Step 3) Calculate the transition probability for each ant using (61) and make a decision by
sampling from Gaussian probability.
(Step 4) Go to (Step 2) and repeat until reaching the iteration times.

The flow chart of CDACO (Figure 7) further clarifies the CDACO procedure.
The performance of CDACO depends on the number of ants M, the number of iteration

times I, the weight of the performance index p, the forgetting factor ζ, and the performance
index En. Note that a large ζ means that the pheromone depends strongly on the current
state, and a large p means a high transition probability P(i)

n .
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Figure 7. Flow chart of CDACO.

5. Experimental Verification

The values of state-space (32) for Table 2 are

A = −25, B = 123, Bd = 250, C = 1. (62)
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Table 2. Nominal PMSM specifications.

Variable Value

Viscous friction coefficient, Bm 0.001 N/rad·s−1

Moment of inertia, J 0.004 kg·m2

Flux of permanent magnet, ψ f 0.072 Wb
Number of pole pairs, np 5

Reluctance of stator, R 0.875 Ω
Inductor of q axis stator, Lq 8.5 mH

Let the reference input be

r(t) = 500 × 1(t) rpm, (63)

and the disturbance model is derived from PMSM torque oscillations (7)

d(t) = 0.1 + 0.4 sin
θ(t)
10

+ 0.4 sin
θ(t)

5
+ 0.4 cos 6θ(t) N · m, (64)

where θ(t) is the mechanical angle of the PMSM. Since the target angular velocity of
the PMSM is 500 rpm, which is approximately 50 rad/s, the angular frequencies in the
disturbance are about 5 rad/s, 10 rad/s, and 300 rad/s. Note that torque oscillations at
300 rad/s or higher have little influence on the PMSM system. ωr was chosen to be 10 rad/s
and the low-pass filter to be

F(s) =
1

0.01s + 1
. (65)

According to (48) and (50) and ensuring observer performance, the time constant of
the observer should be less than one-tenth of that of the plant. Thus, the observer gain L is
chosen to be

L = 2000. (66)

The CDACO algorithm was established in MATLAB 2020b/Simulink and the parame-
ters optimized offline. We set up different systems with different moments of inertia and
viscous friction coefficients, which simulate the uncertainties in the system. Among them,
the moment of inertia J ∈ {0.002, 0.004, 0.006} kg·m2 and the viscous friction coefficients
Bm ∈ {0.0005, 0.0010, 0.0015} N/rad·s−1. Thus, there are nine different systems with
different parameters. The system whose J = 0.004 kg·m2 and Bm = 0.0010 N/rad·s−1 is
the nominal system. Its performance index is E1. The performance indexes of other systems
are En, n ∈ {2, 3, . . . , 9}. E is calculated as follows:

E = 0.2E1 + 0.1
9

∑
n=2

En. (67)

It guarantees the robustness of the system.
The SMC-EID, (57), has three parameters, ε1, k1, and λ1, that need designing. Accord-

ing to (39), we choose Bm = 0.0015. Thus, the range of ε1 is

ε1 > 1.13. (68)

Then, we set the search space to be

ε1 ∈ [1.13, 8], k1 ∈ (0, 3], λ1 ∈ (0, 15]. (69)
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Setting the parameters of CDACO (Table 3), uniformly generating the first generation
of ants in the search space, (69), and optimizing ε1, k1, and λ1 in (57) yields

ε1 = 1.29, k1 = 0.60, λ1 = 3.73. (70)

Table 3. Parameters of CDACO.

Parameter Value

Number of ants M 50
Maximum iteration I 100
Forgetting constant ζ 0.9

Weight of performance index p 2

For comparison, we used CDACO to optimize the parameters in a conventional SMC

u(t) = ε2sat
[

σ(t)
k2

]
+ λ2σ(t). (71)

The conventional SMC is designed with the same CDACO, sliding surface (14), and nine
identical uncertain systems as the SMC-EID method. Optimizing [ε1, k1, λ1] gives

ε2 = 6.40, k2 = 1.52, λ2 = 5.01. (72)

A two-mass experimental system (Figure 8) was used to demonstrate the validity
of the method. It has two identical PMSMs: one is used as a plant, and the other is a
disturbance generator. It has a clutch that controls the engagement and disengagement of
the flywheel, thereby changing the system’s rotational inertia. The nameplate values of the
PMSMs are summarized in Table 4.

Table 4. PMSM nameplate values.

Name Value

Manufacturer INOVANCE
Model ISMH1-75B30CB

Rated power 750 W
Rated voltage 220 V
Rated current 4.8 A

Rated rev. 3000 rpm
Rated torque 2.39 Nm

Max rev. 6000 rpm

MATLAB R2020b was used to design a control system. TwinCAT 3 was used to
perform system control with a sampling period of 500 μs.

We conducted four sets of comparative experiments with different moments of inertia
J and reference speeds r. The four experimental conditions are shown as follows:

Exp. 1: J1 = 0.004 kg · m2 and r1 = 500 rpm;
Exp. 2: J2 = 0.004 kg · m2 and r2 = 250 rpm;
Exp. 3: J3 = 0.006 kg · m2 and r3 = 500 rpm;
Exp. 4: J4 = 0.006 kg · m2 and r4 = 250 rpm.
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Figure 8. Two-mass experimental system.

The speed response (Figure 9) and speed error (Figure 10) show that the disturbance
was attenuated to a lower level for the SMC-EID than for the SMC. A comparison between
performance indexes (Table 5) reveals that in all four experiments, the peak-to-peak (PP)
speed error and ITSE of the SMC-EID are all less than those of the conventional SMC. The
average PP speed error of the SMC-EID is about 37% of that of the conventional SMC,
and the average ITSE of the SMC-EID is about 35% of that of the conventional SMC.
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Figure 9. Comparison of speed response between SMC-EID and conventional SMC in different sets
of experiments: (a) Exp. 1, (b) Exp. 2, (c) Exp. 3, and (d) Exp. 4.

We take Exp. 1 as an example. The torque comparison (Figure 11) between SMC-EID
and conventional SMC shows that the chattering is much smaller for the SMC-EID than for
the SMC.

https://doi.org/10.3390/act15020085
200



Actuators 2026, 15, 85

S
p
ee

d
 e

rr
o
r 

(r
p
m

)

Time (s)

(a)

S
p
ee

d
 e

rr
o
r 

(r
p
m

)

Time (s)

(b)

S
p
ee

d
 e

rr
o
r 

(r
p
m

)

Time (s)

(c)
S

p
ee

d
 e

rr
o
r 

(r
p
m

)
Time (s)

(d)

SMC-EID

SMC

SMC-EID

SMC

SMC-EID

SMC
SMC-EID

SMC

Figure 10. Comparison of speed error between SMC-EID and conventional SMC in different sets of
experiments: (a) Exp. 1, (b) Exp. 2, (c) Exp. 3, and (d) Exp. 4.

Table 5. Control performance comparison (PP: peak-to-peak).

PP Speed Error (rpm) ITSE

Exp (1) SMC 25.1 1.35
SMC-EID 11.6 0.96

Exp (2) SMC 31.5 1.09
SMC-EID 13.8 0.31

Exp (3) SMC 56.3 4.60
SMC-EID 19.5 1.96

Exp (4) SMC 52.9 3.53
SMC-EID 15.8 0.50

Average SMC 41.5 2.64
SMC-EID 15.2 0.93
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Figure 11. Torque comparison between SMC and SMC-EID in Exp (1).

6. Conclusions

This paper explained a control method that combines the SMC and EID methods for
uncertain systems. We added an EID estimate to a sliding-mode controller, not only to im-
prove the disturbance attenuation performance but also to reduce chattering. Then, CDACO
solves the design problem of uncertain systems. This method has significant advantages:
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(1) Our method extends the SMC-EID method to uncertain plants, demonstrated by
stability analysis and optimization over nine uncertain systems.

(2) The novel CDACO algorithm handles continuous optimization spaces and solves the
multi-parameter design problem for uncertain systems.

(3) Experimental results validate superior control performance compared to conventional
SMC. In the four experiments, the average PP speed error of the SMC-EID method
was about 37% of that of the conventional SMC, and the ITSE of SMC-EID was about
35% of that of the conventional SMC.
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