actuator selection criteria physics

Selecting the right actuator for a given application is a critical
engineering decision, heavily influenced by a deep understanding of actuator
selection criteria physics. This comprehensive guide delves into the
fundamental physical principles that govern actuator performance and
selection, ensuring optimal system design. We will explore how factors like
force, speed, power, efficiency, and environmental conditions dictate the
choice between various actuator types, from pneumatic and hydraulic to
electric and piezoelectric. Understanding the underlying physics empowers
engineers to make informed decisions, leading to more reliable, efficient,
and cost-effective automated systems. This article serves as an indispensable
resource for anyone involved in the design and implementation of
electromechanical systems, offering practical insights into the physics
behind actuator selection.
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Introduction: Navigating Actuator Selection
Criteria Physics for Optimal Design

The intricate world of automation hinges on the effective selection of
actuators, the components responsible for translating control signals into
physical motion. Making the right choice requires a thorough understanding of
actuator selection criteria physics, the underlying scientific principles
that govern their operation and performance. This guide aims to demystify
this complex process by exploring how fundamental physics concepts directly
influence actuator capabilities and suitability for specific applications.
From understanding the forces generated to managing energy efficiency and
environmental resilience, each physical parameter plays a crucial role. By
dissecting these criteria through a physics-based approach, engineers can
ensure their chosen actuators meet the demands of their systems, leading to
enhanced reliability, precision, and overall performance. Whether you are
designing a robotic arm, a valve control system, or a precision positioning
stage, grasping the physics behind actuator selection is paramount for
success.



The Fundamental Physics Driving Actuator
Performance

At the core of every actuator's function lies a set of fundamental physical
principles. These principles dictate how an actuator can generate force,
control motion, convert energy, and withstand operational stresses. A deep
dive into these physics concepts provides the foundational knowledge
necessary for informed actuator selection, ensuring that the chosen component
aligns with the application's unique requirements.

Force Generation Principles

The ability of an actuator to exert force is arguably its most critical
characteristic. Different actuator types achieve this through distinct
physical mechanisms. Pneumatic and hydraulic actuators rely on Pascal's
principle, where pressure applied to an incompressible fluid (or compressible
gas) 1s transmitted undiminished throughout the fluid, generating force
against a surface. The magnitude of this force is directly proportional to
the applied pressure and the area of the piston or diaphragm. Electric
actuators, conversely, leverage the principles of electromagnetism. In
electromagnetic actuators like DC or AC motors, the interaction between
magnetic fields and electric currents generates a torque or linear force,
often described by the Lorentz force law. Piezoelectric actuators utilize the
piezoelectric effect, where an applied electric field induces a mechanical
strain in a crystalline material, resulting in precise, albeit often small,
displacements.

Motion Control and Kinematics

Beyond simply generating force, actuators must also control the motion of the
system they are connected to. This involves understanding kinematics, the
study of motion without considering the forces that cause it. The physics of
motion dictates the actuator's speed, acceleration, and the nature of its
movement (e.g., linear, rotary). For example, the velocity of a pneumatic or
hydraulic cylinder is influenced by the flow rate of the fluid and the cross-
sectional area of the piston. In electric motors, speed is governed by
factors such as voltage, magnetic field strength, and rotor inertia. The
ability to precisely control these parameters, often through feedback
mechanisms, is crucial for applications demanding high accuracy in
positioning and speed regulation.

Energy Conversion and Efficiency

Actuators are essentially energy conversion devices, transforming electrical,
pneumatic, or hydraulic energy into mechanical work. The efficiency of this
conversion is a key performance indicator directly tied to physics
principles. Losses occur due to friction, heat dissipation, fluid leakage,
and electrical resistance. Understanding these loss mechanisms, often
described by thermodynamic principles and Ohm's law, allows engineers to
select actuators that minimize energy waste. For instance, the efficiency of
a hydraulic system can be significantly impacted by fluid viscosity and the
pressure drop across valves and orifices. Similarly, electric motors
experience losses from resistive heating (I”2R losses) and magnetic
hysteresis, influencing their overall energy consumption and heat generation.



Thermodynamics and Heat Management

The operation of many actuators, particularly electric and hydraulic types,
inevitably generates heat. Thermodynamics provides the framework for
understanding this heat generation and its dissipation. In electric motors,
joule heating is a primary source of thermal energy. In hydraulic systems,
fluid friction and throttling can lead to significant temperature increases,
affecting fluid viscosity and system performance. Effective heat management
is crucial for preventing component damage, maintaining consistent
performance, and ensuring actuator longevity. The thermal properties of
materials, heat transfer mechanisms (conduction, convection, radiation), and
the design of cooling systems are all governed by thermodynamic principles
and are critical considerations during actuator selection.

Key Actuator Selection Criteria Through a
Physics Lens

Selecting the appropriate actuator involves evaluating a range of criteria,
each deeply rooted in physical principles. By examining these criteria
through a physics—-based perspective, engineers can make more informed and
effective choices that ensure system performance and reliability.

Load Requirements: Force, Torque, and Pressure

The primary consideration is the load the actuator must move or control. This
translates into specific requirements for force (linear actuators), torque
(rotary actuators), or pressure (for actuators driven by fluid power). The
physics of mechanical advantage, leverage, and pressure-force relationships
are paramount here. For instance, a heavy load requiring significant force
will necessitate an actuator with a larger piston area (for
hydraulics/pneumatics) or a motor with higher torque output. The ability to
calculate the required force or torque based on the system's mass,
acceleration, and gravitational forces is a direct application of Newton's
laws of motion. Understanding the maximum static and dynamic forces that can
be encountered is crucial for preventing actuator overload and failure.

Speed and Response Time

The speed at which an actuator can move, and its responsiveness to control
signals, are critical for many applications. These parameters are governed by
the physics of fluid dynamics (flow rates, viscosity, pipe resistance in
hydraulic/pneumatic systems) and electromagnetism (motor speed-torque
characteristics, inertia). For pneumatic actuators, speed is limited by the
rate at which compressed air can be supplied and exhausted, influenced by
valve opening times and pipe diameters. Hydraulic actuators offer higher
speeds due to the incompressibility and high-pressure capabilities of
hydraulic fluid. Electric actuators' speed is determined by motor design,
voltage, and load. Response time, the delay between a command signal and the
initiation of movement, is influenced by factors like actuator inertia,
friction, and the electrical or fluid switching characteristics.



Stroke Length and Range of Motion

The required stroke length (for linear actuators) or angular range of motion
(for rotary actuators) directly influences the physical design and selection
of the actuator. For pneumatic and hydraulic cylinders, the stroke is
determined by the physical dimensions of the cylinder barrel and piston rod.
Electric linear actuators might use ball screws, lead screws, or rack and
pinion mechanisms, where the stroke is dictated by the screw lead or gear
pitch and the available travel of the moving element. The physics of linear
and rotational motion, including the conversion between linear and rotary
movement, are fundamental to understanding how these actuators achieve their
specified range.

Power Requirements and Energy Consumption

The power required by an actuator is the rate at which it does work,
calculated as force multiplied by velocity (for linear motion) or torque
multiplied by angular velocity (for rotary motion). Energy consumption is the
total energy used over a period of time. These are critical for evaluating
operational costs and system power budgets. The physics of power calculation
(P = Fv, P = tw) and energy (E = P x t) are essential. Understanding actuator
efficiency, as discussed earlier, is vital for minimizing energy consumption.
A high-efficiency actuator will require less input power to produce the same
output work, leading to significant cost savings and reduced thermal issues.

Operating Environment and Durability

The physical conditions under which an actuator will operate have a profound
impact on its selection and longevity. This includes factors like temperature
extremes, humidity, exposure to dust, corrosive chemicals, vibration, and
potential for explosion. The physics of material science, thermal expansion,
chemical reactivity, and mechanical stress are all relevant. For instance,
high temperatures can degrade seals and lubricants in hydraulic systems,
while extreme cold can increase fluid viscosity. Electrically actuated
systems must consider the impact of dust and moisture on electrical contacts
and motor insulation. Selecting actuators with appropriate IP ratings,
materials, and enclosures that can withstand these environmental challenges
is a crucial aspect of the selection process.

Precision and Repeatability

Many applications demand high levels of precision in positioning and
repeatability of motion. These attributes are governed by the inherent design
of the actuator and the control system's ability to manage sources of error.
Physics principles related to backlash in gearboxes, hysteresis in materials
(like piezoelectric actuators), friction, and the resolution of position
feedback sensors all contribute to precision and repeatability. Electric
servo motors, for example, often employ high-resolution encoders and
sophisticated control algorithms to achieve exceptional accuracy. The
mechanical stiffness of the actuator and its mounting also plays a role in
resisting external forces that could affect precise positioning.



Duty Cycle and Lifespan

The duty cycle refers to the proportion of time an actuator is actively
operating versus being idle. This is directly related to the actuator's
thermal management capabilities and the mechanical stresses it experiences.
Actuators designed for continuous operation will have more robust cooling
mechanisms and be built to withstand prolonged periods of activity without
overheating or excessive wear. The lifespan of an actuator is influenced by
factors such as wear on mechanical components, fatigue, and the degradation
of seals and electrical insulation. Understanding the physics of wear,
friction, and material fatigue allows for the estimation of an actuator's
service life under specific operating conditions, enabling proper maintenance
scheduling and replacement planning.

Cost and Maintenance

While not strictly physics criteria, cost and maintenance are practical
considerations heavily influenced by the physics of the actuator's design and
operation. More complex actuators with higher precision or greater force
capabilities often have higher initial costs due to more intricate designs
and materials. Maintenance requirements are also linked to physics; actuators
with higher operating pressures, faster speeds, or more moving parts may
require more frequent lubrication, seal replacement, or calibration.
Understanding the underlying physics of wear and tear helps in estimating
these ongoing costs and planning for maintenance to ensure sustained
performance and longevity.

Physics—-Based Evaluation of Common Actuator
Types

To effectively select an actuator, it's essential to understand the specific
physics principles that govern the operation of different actuator types.
This allows for a nuanced evaluation based on application-specific needs.

Pneumatic Actuators: Physics of Compressed Air

Pneumatic actuators harness the energy of compressed air to produce linear or
rotary motion. Their operation is governed by the physics of gas laws,
particularly Boyle's Law (pressure and volume are inversely proportional at
constant temperature) and the principles of fluid dynamics related to gas
flow. The force generated is a direct consequence of the air pressure acting
on the piston area, as per Pascal's principle. The speed of a pneumatic
actuator is determined by the rate of airflow, which is influenced by the
size of the air lines, valves, and the exhaust port. Efficiency can be a
concern due to the compressibility of air, leading to energy losses during
expansion and potential for air leakage. Their simplicity, high speed, and
inherent compliance make them suitable for many automation tasks, but precise
positioning can be challenging due to air compressibility and leakage.

Hydraulic Actuators: Physics of Fluid Power

Hydraulic actuators utilize incompressible liquids, typically oil, under



pressure to generate force and motion. The fundamental principle is Pascal's
Law, ensuring that pressure applied to the fluid is transmitted uniformly.
This allows for the generation of very high forces and precise control over
movement. The physics of fluid mechanics, including viscosity, flow
resistance, and the Bernoulli principle (relating fluid speed, pressure, and
potential energy), are critical for understanding hydraulic system
performance. Hydraulic systems are generally more efficient than pneumatic
systems due to the incompressibility of the fluid, leading to less energy
loss during operation. However, they require more complex infrastructure,
including pumps, reservoirs, and filtration systems, and potential for leaks
poses environmental and safety concerns. The high power density and stiffness
of hydraulic actuators make them ideal for heavy-duty applications.

Electric Actuators: Physics of Electromagnetism and
Piezoelectricity

Electric actuators convert electrical energy into mechanical motion through
various electromagnetic or piezoelectric principles. Their versatility,
controllability, and ability to be precisely integrated into electronic
control systems make them extremely popular across a wide range of
industries.

DC Motors and Gearboxes

DC motors operate based on the Lorentz force, where the interaction between a
magnetic field and a current-carrying conductor generates a torque. The speed
and torque of a DC motor are directly related to the applied voltage and
current, respectively. Gearboxes are often integrated to increase torque and
reduce speed, adhering to the principles of mechanical advantage. The
efficiency 1is influenced by factors like winding resistance and magnetic
losses. Understanding the speed-torque curves and the impact of gearing is
crucial for selecting DC motors for specific load requirements.

AC Motors

AC motors, such as induction and synchronous motors, operate using
alternating current and magnetic fields. Their speed is typically
synchronized with the frequency of the AC supply. The physics involves
rotating magnetic fields generated by stator windings, which induce currents
in the rotor (in induction motors) or interact with permanent magnets (in
synchronous motors). AC motors are robust and widely used, but their speed
control can be more complex than DC motors, often requiring variable
frequency drives (VFDs) that modulate the supply frequency and voltage.

Stepper Motors

Stepper motors move in discrete angular steps, allowing for precise
positioning without the need for a feedback sensor in many applications. They
operate by energizing specific stator windings in sequence, creating magnetic
fields that attract rotor poles. The physics involves magnetic detent torque
and stepping accuracy, which can be affected by factors like rotor inertia
and load torque. Their inherent open-loop position control makes them ideal
for applications requiring precise, incremental movements.



Servo Motors

Servo motors are closed-loop systems that combine a motor (often DC or AC)
with a position feedback sensor (encoder) and a controller. This closed-loop
configuration allows for highly accurate control of position, speed, and
torque. The physics of feedback control, error detection, and correction are
central to servo motor operation. They are chosen for applications demanding
high dynamic response, precision, and the ability to hold a position against
varying loads.

Linear Electric Actuators

Linear electric actuators convert rotary motion from an electric motor into
linear motion using mechanisms like ball screws, lead screws, or rack and
pinion systems. The physics of screw threads, power screws, and mechanical
advantage are key to their operation. The efficiency of these actuators is
largely dependent on the efficiency of the conversion mechanism, with ball
screws generally offering higher efficiency than lead screws due to reduced
friction. They provide precise linear movement and can be easily controlled
by electric motor drives.

Piezoelectric Actuators

Piezoelectric actuators utilize the direct piezoelectric effect, where an
applied voltage causes a material to deform. This deformation is typically
small but highly precise and rapid. The physics involves the electro-
mechanical coupling within crystalline materials. Piezoelectric actuators are
favored for applications requiring extremely high precision, fast response
times, and the ability to generate fine adjustments, such as in precision
optics or micro-positioning stages. However, they often have limited
displacement and can be sensitive to temperature variations.

Other Actuator Technologies and Their Physics

Beyond the common types, other actuator technologies exist, each with its
unique physical underpinnings. Shape memory alloys (SMAs) deform when heated
and return to their original shape when cooled, relying on solid-state phase
transformations. Their actuation is driven by thermal energy and material
properties. Electroactive polymers (EAPs) change shape or size when subjected
to an electric field, leveraging electrostatic forces or ionic movement
within the polymer matrix. Thermoelectric actuators utilize the Peltier
effect, where an electric current creates a temperature difference, leading
to thermal expansion or contraction. Understanding the specific physical
phenomena involved in these less common actuators is crucial for selecting
them for niche applications where their unique characteristics are
advantageous.

Advanced Considerations in Actuator Selection

Beyond the fundamental parameters, several advanced physics-related
considerations can significantly impact actuator performance and the overall
system design. Addressing these factors early in the selection process leads
to more robust and efficient systems.



Friction and Damping Effects

Friction is a pervasive force that opposes motion and is present in all
mechanical systems, including actuators. It arises from the interaction
between surfaces in contact and is influenced by factors like normal force,
surface roughness, and the presence of lubricants. In actuators, friction can
lead to reduced efficiency, increased wear, and affect the precision and
controllability of motion, especially at low speeds or during the initiation
of movement. Damping, on the other hand, refers to the dissipation of energy
from the system, often through mechanisms like wviscous friction or structural
damping. While damping can help stabilize systems and reduce oscillations,
excessive damping can limit an actuator's speed and responsiveness.
Understanding the physics of friction (e.g., static vs. kinetic friction,
Coulomb friction) and damping allows engineers to select actuators with low
internal friction and to account for their damping characteristics in system
modeling and control design.

Inertia and System Dynamics

Inertia is a measure of an object's resistance to changes in its state of
motion. For actuators, inertia is primarily associated with the moving
masses, such as pistons, rods, rotors, and attached loads. High inertia can
limit an actuator's acceleration and deceleration capabilities, impacting its
speed and responsiveness. System dynamics involves the study of how forces
and torques affect the motion of interconnected components. Understanding the
inertia of the actuator and the load, along with their mass distribution and
mechanical coupling, is critical for predicting system behavior, designing
effective control strategies, and ensuring stability. The physics of
rotational and linear inertia, and their influence on motion equations (e.g.,
F=ma, t=Ia), are fundamental to this analysis.

Feedback Control and Sensor Integration

For many applications requiring high precision and dynamic performance,
feedback control is essential. This involves using sensors to measure the
actuator's output (e.g., position, velocity, force) and feeding this
information back to a controller, which then adjusts the actuator's input to
achieve the desired performance. The physics of measurement, signal
processing, and control theory are all integral to effective feedback
control. The selection of appropriate sensors, their accuracy and resolution,
and the design of control algorithms (like PID controllers) are dictated by
the dynamic characteristics of the actuator and the system. Understanding the
interplay between actuator dynamics, sensor characteristics, and controller
behavior is key to achieving optimal system performance, minimizing errors,
and ensuring stability.

Actuator Sizing and Matching

Proper actuator sizing and matching to the load are crucial for optimal
performance and longevity. This involves a detailed analysis of the required
force, torque, speed, and duty cycle, taking into account safety factors.
Oversizing an actuator can lead to unnecessary cost, power consumption, and
potentially reduced precision due to excessive stiffness or control
complexity. Undersizing an actuator can result in inadequate performance,
premature wear, or outright failure. The physics of load calculation, power



requirements, and the actuator's performance envelope (e.g., speed-torque
curves for motors, force-velocity curves for hydraulic/pneumatic cylinders)
are used to ensure that the chosen actuator is appropriately matched to the
application's demands. This often involves iterative analysis and simulation
to fine-tune the selection.

Conclusion: Mastering Actuator Selection
Through Physics

In conclusion, the process of actuator selection is intrinsically linked to a
profound understanding of actuator selection criteria physics. By dissecting
the fundamental principles governing force generation, motion control, energy
conversion, and material behavior, engineers can make informed decisions that
optimize system performance, reliability, and efficiency. Whether dealing
with the fluid dynamics of pneumatic and hydraulic actuators or the
electromagnetism and material science of electric and piezoelectric variants,
a physics—-based approach is indispensable. Mastering these criteria, from
load regquirements and speed to environmental factors and durability, ensures
that the chosen actuator is not merely a component but an integral part of a
well-engineered system. This comprehensive understanding empowers engineers
to navigate the complexities of automation design, leading to more robust,
cost-effective, and high-performing solutions, ultimately advancing the
capabilities of modern technology.

Frequently Asked Questions

What is the primary physics principle guiding the
selection of an actuator based on its load capacity?

The primary physics principle is static equilibrium and force balance. The
actuator's output force must be sufficient to overcome the external forces
acting on the system, preventing unwanted motion and ensuring the desired
operation. This involves understanding concepts like Newton's laws of motion
and the forces generated by the actuator relative to the load.

How does the physics of energy conversion influence
actuator selection for a specific application?

Energy conversion physics is crucial. Actuators convert energy from one form
to another (e.g., electrical to mechanical, pneumatic to mechanical).
Selection depends on the efficiency of this conversion, the power density
(energy output per unit volume or mass), and the available energy source.
Understanding thermodynamic principles for pneumatic/hydraulic actuators and
electromagnetic principles for electric actuators is key.

What role does the physics of friction play in
choosing the appropriate actuator?
Friction is a significant factor. Static friction must be overcome for

actuation to begin, and kinetic friction affects the efficiency and
smoothness of motion. Understanding the coefficient of friction between



moving parts, the design of seals, and the impact of lubrication is wvital for
selecting actuators that can reliably move the load without excessive power
loss or sticking.

How does the physics of resonance impact actuator
selection for dynamic applications?

Resonance physics is critical in dynamic systems. If the actuator's operating
frequency matches the natural frequency of the mechanical system, amplified
vibrations and potential failure can occur. Actuator selection must consider
its bandwidth, damping characteristics, and the ability to operate outside
critical resonance frequencies of the connected structure.

What physical properties of materials are considered
when selecting an actuator for high-temperature
environments?

Material physics properties are paramount. For high temperatures, one must
consider the thermal expansion coefficients of materials to prevent binding
or excessive play, the melting/degradation points of lubricants and seals,
and the impact of temperature on the electrical conductivity (for electric
actuators) or fluid viscosity (for hydraulic/pneumatic actuators).

How does the physics of fluid dynamics influence the
selection of hydraulic and pneumatic actuators?

Fluid dynamics principles dictate the performance of hydraulic and pneumatic
actuators. This includes understanding flow rates, pressure drops, viscosity
of hydraulic fluids, compressibility of air, and the design of wvalves and
piping. These factors determine the speed, force, and responsiveness of the
actuator.

What physical laws govern the speed and acceleration
capabilities of an actuator, and how do they affect
selection?

Newton's second law of motion ($F=ma$) is fundamental. The actuator's force
output, combined with the mass of the load, determines the achievable
acceleration. Its internal mechanics, torque-speed characteristics (for
rotary actuators), or pressure-flow characteristics (for linear actuators)
dictate the maximum speed and how quickly it can reach that speed. Duty cycle
and inertial forces are also key considerations.

How does the physics of electromagnetism guide the
selection of electric motors as actuators?

The physics of electromagnetism is the bedrock of electric actuators.
Principles like Faraday's law of induction, Lorentz force, and magnetic field
interactions explain how electrical energy is converted into mechanical
torque or linear force. Selection involves understanding motor types (DC, AC,
stepper, servo), their torque-speed curves, power efficiency, and the impact
of magnetic saturation on performance.



Additional Resources

Here are 9 book titles related to actuator selection criteria, with a focus
on the underlying physics:

1. Fundamentals of Fluid Power Actuation

This book delves into the physics governing hydraulic and pneumatic
actuators. It explores principles like Pascal's law, Bernoulli's equation,
and fluid dynamics as they relate to generating force and motion. Readers
will understand how pressure, flow, and viscosity impact actuator
performance, efficiency, and response time, crucial for selecting the right
fluid power system.

2. Electromechanical Actuators: Principles and Design

Focusing on the physics of electromagnetism and mechanics, this text explains
how electrical energy is converted into mechanical work in wvarious
electromechanical actuators. It covers topics such as magnetic field theory,
torque generation, motor principles, and the material science behind
actuation. The book provides a solid foundation for choosing actuators based
on electrical inputs and desired mechanical outputs.

3. Solid Mechanics for Engineering Design

This comprehensive volume covers the fundamental principles of stress,
strain, elasticity, and material behavior. It provides the physics necessary
to understand how actuators deform under load, their load-bearing capacities,
and potential failure modes. Engineers can use this knowledge to select
actuators that can withstand the physical demands of their applications
without succumbing to structural limitations.

4. Thermodynamics and Heat Transfer in Actuation Systems

This book examines the thermodynamic principles and heat transfer phenomena
that affect actuator performance and efficiency. It discusses energy
conversion losses, thermal management strategies for actuators, and how
temperature variations can influence material properties and operational
characteristics. Understanding these physical aspects is key to selecting
actuators for applications with significant thermal loads or where energy
efficiency is paramount.

5. Mechatronics: Integrated Mechanical Electronic and Computer Systems

While broader, this book extensively covers the physics of components that
constitute mechatronic systems, including actuators. It explores the
interaction between mechanical dynamics, electrical circuits, and control
algorithms, highlighting how these physical domains influence actuator
selection. Readers will learn how to choose actuators based on their dynamic
response, energy consumption, and integration capabilities.

6. Principles of Piezoelectric Actuation

This specialized text focuses on the physics of piezoelectric materials and
their application in actuators. It details the direct and converse
piezoelectric effects, the relationship between applied electric field and
mechanical strain, and material properties like coupling coefficients and
Curie temperature. The book is essential for understanding the force
generation capabilities and limitations of these unique actuators.

7. Vibrations and Control Systems

This book explores the physics of dynamic systems, including how actuators
introduce motion and forces that can cause vibrations. It covers topics like
natural frequencies, damping, resonance, and the principles of feedback
control. Understanding these dynamics is crucial for selecting actuators that



minimize unwanted vibrations or can be effectively controlled to achieve
desired oscillatory or transient behaviors.

8. Material Science for Actuator Development

This text delves into the physical properties of materials used in actuator
construction, such as their yield strength, stiffness, fatigue life, and
response to electrical or thermal stimuli. It explains how material choices
directly impact actuator performance, durability, and operating environment
suitability. Selecting actuators often hinges on matching their material
capabilities to the application's physical requirements.

9. Energy Harvesting and Storage for Smart Actuators

This book examines the physics of energy conversion and storage relevant to
modern actuators, particularly in applications requiring autonomous
operation. It covers principles like piezoelectric, triboelectric, and
thermoelectric energy harvesting, as well as the physics of battery and
supercapacitor technologies. The selection of actuators in such scenarios is
influenced by their energy requirements and the availability of localized
power sources.
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