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Abstract

The burgeoning fields of wearable electronics, autonomous systems, and soft robotics demand innovative solutions for
power generation and actuation that are efficient, adaptable, and can operate across diverse environments. This review
article explores the synergistic potential of two distinct classes of smart materials—piezoelectrics and
magnetorheological (MR) materials—in addressing these challenges. Piezoelectric materials, which convert mechanical
strain into electrical energy, offer a compelling pathway for ambient energy harvesting from vibrations, biomechanical
motion, and other mechanical sources. Conversely, magnetorheological materials, whose rheological properties (e.g.,
viscosity, modulus) can be rapidly and reversibly tuned by an external magnetic field, provide unparalleled capabilities
for developing high-force, responsive soft actuators and dampers. This paper provides a detailed analysis of the
fundamental mechanisms, recent material advancements, and application landscapes for both technologies. For
piezoelectrics, we discuss developments in inorganic (e.g., PZT, PMN-PT), organic (e.g., PVDF), and biocompatible
materials, focusing on their integration into flexible and high-performance energy harvesters. For MR materials, we
examine the evolution of MR fluids, elastomers, and gels, highlighting their use in compliant yet powerful actuators,
adaptive dampers, and haptic interfaces. Crucially, we dedicate significant attention to the emerging paradigm of hybrid
systems that integrate piezoelectric and MR functionalities. These multifunctional composites can enable self-sensing,
self-powered, and tunable actuators—a significant leap toward truly intelligent systems. The article also identifies key
challenges, including material durability, efficiency optimization, and integration complexities, while outlining future
research directions focused on machine learning-driven design, bio-inspired architectures, and sustainable material
choices. By providing a unified perspective on these two transformative material systems, this work aims to catalyze
further innovation in next-generation energy harvesting and soft actuation technologies.
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1. Introduction

The 21st century has witnessed an unprecedented drive toward miniaturization, autonomy, and intelligence in
engineering systems. From networks of Internet of Things (IoT) sensors and implantable medical devices to agile soft
robots and adaptive structures, the demand for compact, efficient, and versatile power and actuation sources has never
been greater. Traditional solutions, such as batteries and electromagnetic motors, often fall short in these emerging
applications due to limitations in size, weight, lifespan, environmental impact, and their inability to conform to soft,
dynamic structures. This technological gap has catalyzed intense research into "smart materials"—materials that can
sense, process, and respond to environmental stimuli in a controlled, predictable manner [1].

Among the vast landscape of smart materials, piezoelectric and magnetorheological (MR) materials stand out for their
unique and complementary capabilities. Piezoelectric materials are transducers that directly convert mechanical energy
into electrical energy and vice versa. This property makes them exceptional candidates for energy harvesting, where
ambient mechanical energy—often wasted as vibrations, biomechanical motion, or acoustic noise—can be scavenged to
power small electronics. Simultaneously, their ability to generate an electrical signal in response to strain makes them
excellent self-powered sensors.

In a parallel yet distinct domain, magnetorheological materials represent a class of field-responsive smart fluids or
solids [2]. Typically consisting of micron-sized magnetizable particles suspended in a carrier fluid (MR fluids) or
embedded in an elastic matrix (MR elastomers, MR gels), these materials undergo a dramatic, reversible change in their
rheological properties (e.g., yield stress, viscosity, storage modulus) upon the application of an external magnetic field.
This instantaneous and controllable "stiffening" effect enables the development of actuators, dampers, and clutches that
are mechanically simple, highly responsive, and capable of generating significant forces, all while maintaining a
fundamentally soft and compliant architecture.

Historically, research and development in these two fields have progressed largely independently. However, a paradigm
shift is emerging: the integration of piezoelectric and MR functionalities into single, hybrid systems. Imagine a soft
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robotic gripper that uses an MR elastomer for tunable stiffness and embedded piezoelectric elements to sense contact
pressure and harvest energy from its own movements. Or consider a vibration damper for a vehicle or structure that uses
an MR fluid for adaptive damping and a piezoelectric patch to power its own control and monitoring system. These
hybrid systems promise a new generation of multi-functional, energy-autonomous, and intelligent devices.

This article aims to provide a comprehensive overview of the state-of-the-art in both piezoelectric energy harvesting and
magnetorheological soft actuation, and to explore the transformative potential of their integration. We will delve into the
underlying physical principles, review key material advancements, and present prominent application case studies.
Furthermore, we will critically discuss the challenges that remain and chart a course for future research. By synthesizing
knowledge from these two vibrant fields, this work seeks to serve as a foundational reference and an inspiration for
engineers and material scientists working on the next generation of intelligent systems [3].

2. Fundamental Principles and Material Advancements

2.1 Piezoelectric Materials: From Fundamentals to Flexible Harvesters

2.1.1 The Piezoelectric Effect

The piezoelectric effect, discovered by Jacques and Pierre Curie in 1880, is a linear electromechanical interaction
between mechanical stress and electrical polarization in certain crystalline materials. The direct piezoelectric effect
describes the generation of an electric charge in response to an applied mechanical stress [4]. This is the principle
underlying sensors and energy harvesters. The converse piezoelectric effect describes the generation of a mechanical
strain in response to an applied electric field, which is the basis for actuators and precise positioning systems.

where is the electric displacement, dd is the piezoelectric coefficient tensor, TT is the stress tensor, ϵTϵT is the
permittivity at constant stress, EE is the electric field, SS is the strain tensor, and sEsE is the compliance at constant
electric field. The magnitude of the dd-coefficient is a primary figure of merit for energy harvesting efficiency.

2.1.2 Key Piezoelectric Material Systems

 Inorganic Ceramics (PZT and Relaxor-PT): Lead Zirconate Titanate (PZT) is the most widely used piezoelectric
ceramic due to its exceptionally high piezoelectric coefficients (d33 ~ 300-650 pC/N) and Curie temperature. Relaxor-
PT single crystals, such as PMN-PT (Pb(Mg1/3Nb2/3)O3-PbTiO3), offer even higher performance (d33 > 2000 pC/N)
but at a higher cost and with greater brittleness. Their inherent rigidity has traditionally limited them to rigid harvester
designs, though recent efforts focus on composites and micro-patterning for flexibility [5].

 Organic Polymers (PVDF and its Copolymers): Polyvinylidene fluoride (PVDF) and its copolymer with
trifluoroethylene (P(VDF-TrFE)) are flexible, tough, and biocompatible polymers. Their piezoelectric coefficients are
lower (d33 ~ -20 to -30 pC/N) than PZT, but their mechanical properties make them ideal for harvesting energy from
large-strain, low-frequency sources like human motion. They can be processed into fibers, thin films, and porous
scaffolds.

 Bio-Piezoelectrics: Materials like collagen, cellulose, and amino acid crystals exhibit native piezoelectricity. While
their coefficients are small, their biocompatibility and biodegradability are driving research for transient medical
implants and eco-friendly electronics.

 Thin Films and Nanostructures: Advancements in deposition techniques have enabled high-quality piezoelectric
thin films (e.g., AlN, ZnO, PZT) for MEMS-scale energy harvesters. One-dimensional nanostructures like ZnO
nanowires leverage the flexoelectric effect and can withstand large deformations, enhancing performance in flexible
devices [6].

2.2 Magnetorheological Materials: Fluids, Elastomers, and Gels

2.2.1 The Magnetorheological Effect

The magnetorheological effect is the rapid and reversible change in the flow resistance and viscoelastic properties of a
material upon exposure to a magnetic field. In the absence of a field, the magnetizable particles are randomly dispersed.
When a magnetic field is applied, the particles polarize and form chain-like or columnar structures along the field lines.
These structures resist deformation, dramatically increasing the material's yield stress (in fluids) or storage modulus (in
solids). The response time is typically on the order of milliseconds.

2.2.2 Key Magnetorheological Material Systems

MR Fluids: The classic MR material, comprising 20-40% by volume of carbonyl iron or other soft magnetic particles
(micron-sized) in a carrier oil. Additives like thixotropic agents are used to mitigate particle settling. Their primary
mode of operation is in flow mode (between fixed plates) or shear mode (between moving plates), making them ideal
for dampers, clutches, and brakes. Their key limitation is sedimentation [7].

MR Elastomers (MREs): In MREs, magnetic particles are embedded in a cross-linked polymer matrix (e.g., silicone
rubber, natural rubber). This solid-state design completely eliminates sedimentation and allows the material to be pre-
compressed or bonded to structures. The relative change in storage modulus (the MR effect) is typically 20-100% under
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magnetic fields of 0.1-1.0 T. MREs are perfect for developing variable-stiffness elements in soft robots and adaptive
vibration absorbers.

MR Gels and Foams: MR gels, with an uncured or lightly cross-linked matrix, offer properties between fluids and
elastomers, often exhibiting larger field-induced deformations. MR foams, where the matrix is porous, allow for deeper
magnetic field penetration and potentially larger volume changes, useful for sealing and damping applications.

3. Piezoelectric Materials for Advanced Energy Harvesting

The primary goal of piezoelectric energy harvesting (PEH) is to convert ubiquitous, low-grade mechanical energy into
usable electrical energy to power micro-devices, eliminating or extending the life of batteries.

3.1 Operational Modes and Device Architectures

Piezoelectric harvesters operate primarily in two modes: the 33-mode (longitudinal, where stress and electric field are
parallel) and the more common 31-mode (transverse, where stress and electric field are perpendicular). Cantilever
beams are the most prevalent architecture for vibration energy harvesting, as they can be designed to resonate at specific
environmental frequencies (e.g., 50/60 Hz from machinery). For biomechanical energy harvesting, unimorph or
bimorph diaphragms, cymbals, and flexible composites that can withstand large strains and lower frequencies (<10 Hz)
are preferred [8].

3.2 Enhancing Performance and Bandwidth

A significant challenge for PEHs is their narrow operational bandwidth around the resonant frequency. Several
strategies have been developed to overcome this:

Multimodal Harvesters: Designing structures with multiple resonating beams of different lengths to target several
vibration frequencies simultaneously.

 Nonlinear Techniques: Introducing magnetic or mechanical nonlinearities can broaden the frequency response
through bi-stability or mono-stability with a nonlinear stiffness [9].

 Frequency Up-Conversion: Using a free-moving mass to impact a piezoelectric element at a high frequency,
effectively converting low-frequency, large-amplitude motions into high-frequency vibrations suitable for efficient
energy conversion.

3.3 Application Case Studies

 Industrial Condition Monitoring: Self-powered wireless sensor nodes (WSNs) for machinery health monitoring are
a prime application. A PZT-based cantilever harvester tuned to the dominant vibration frequency of a motor or pump
can generate enough power (10s of µW to mW) to run a sensor, microprocessor, and RF transmitter, sending data
periodically [10].

 Biomedical and Wearable Electronics: Flexible PVDF or P(VDF-TrFE) harvesters integrated into shoe insoles, knee
braces, or textiles can scavenge energy from walking or body movements. For example, an insole harvester can power a
GPS tracker or a physiological monitoring sensor. Implantable harvesters that use heartbeats or lung motion are also
under development.

 Infrastructure and Environmental Monitoring: PEHs embedded in bridges, roads, or railway tracks can harvest
energy from passing traffic or wind-induced vibrations to power structural health monitoring systems.

Figure 1. Conceptual Diagram of a Piezoelectric Energy Harvester
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Figure 1 show Schematic of a typical piezoelectric vibration energy harvester. Ambient vibrations deflect the cantilever,
straining the piezoelectric layer and generating an electrical charge. This energy is conditioned and stored to power a
low-energy device.

4. Magnetorheological Materials for Soft Actuators and Dampers

The controllable stiffness and damping of MR materials make them exceptionally well-suited for creating soft yet
powerful and responsive actuators.

4.1 Actuator Operating Principles and Designs

MR Fluid-based Actuators: These typically operate in valve (flow) mode or shear mode. In a linear damper/actuator,
a piston containing an electromagnet moves through a cylinder filled with MR fluid. By energizing the coil, the fluid's
yield stress in the orifice is increased, creating a controllable, resistive force opposing the piston's motion. In rotary
systems (brakes/clutches), MR fluid between rotating plates is solidified to transmit torque [11].

MRE-based Actuators: MREs are used to create variable-stiffness joints and structures. A simple actuator can be a
layer of MRE sandwiched between two electromagnets. When the magnetic field is applied, the MRE stiffens,
effectively changing the bending or compressive stiffness of the entire element. This is the principle behind tunable
vibration isolators and adaptive robotic grippers.

4.2 Advantages for Soft Robotics

Traditional soft actuators (e.g., pneumatic, tendon-driven) are highly compliant but often lack the ability to generate
high forces or maintain a rigid posture when needed. MR materials bridge this gap, enabling "variable impedance" or
"stiffness-tuning" actuators. This allows a soft robot to be compliant for safe human interaction or to handle delicate
objects, and then become rigid to apply a significant force or resist external loads [12].

4.3 Application Case Studies

 Haptic Interfaces and Teleoperation: MR fluid-based brakes are used in haptic joysticks and controllers to provide
realistic force feedback. A user can feel virtual walls, textures, or the weight of a virtual object. In master-slave
teleoperation systems, an MR device on the master side can recreate the forces experienced by the slave robot.

 Adaptive Vehicle Suspensions: MR fluid dampers are commercially available in high-performance automotive
suspensions (e.g., MagneRide by GM). They provide continuously variable damping, offering a smooth ride on rough
roads and firm damping during cornering and braking, enhancing both comfort and safety.

 Soft Robotic Grippers and Manipulators: Grippers with MRE pads can adjust their grasp stiffness based on the
object's weight and fragility. A robotic arm with MRE joints can have a "floppy" mode for safe transportation and a
"locked" mode for precise positioning.

 Civil Engineering Seismic Mitigation: Large-scale MR fluid dampers are installed in buildings and bridges to
dissipate energy during earthquakes or strong winds. Their ability to provide adaptive damping in real-time, based on
the intensity of the seismic event, offers superior protection compared to passive systems.

Figure 2. Conceptual Diagram of a Magnetorheological Elastomer (MRE) Soft Actuator

Figure 2 explain the Operating principle of an MRE-based soft robotic gripper. The stiffness of the gripper finger is
controlled by an external magnetic field, enabling adaptive grasping of objects with varying weight and fragility.

5. The Frontier: Hybrid Piezoelectric-MR Systems

The true potential of these smart materials is unlocked when they are integrated to create systems with synergistic
functionalities. These hybrid systems can be classified based on their primary objective.
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5.1 Self-Powered and Self-Sensing MR Devices

A major challenge for MR devices is their need for an external power source to generate the controlling magnetic field.
Piezoelectric materials can directly address this.

 Concept: A piezoelectric energy harvester is integrated with an MR damper or actuator. The PEH scavenges energy
from the very vibrations or motions that the MR device is controlling. This harvested energy is then used, often after
storage in a capacitor, to power the MR device's electromagnet [13].

 Example: A vibration damper for a bridge uses a PZT patch to harvest energy from traffic-induced vibrations. This
energy powers the control circuit and electromagnet of a small MR damper that provides adaptive damping for specific
structural elements, creating a fully autonomous semi-active control system.

5.2 Multi-Functional Composites and Structures

Here, piezoelectric and MR materials are co-engineered at the material or component level to create composites with
dual sensing-actuation or harvesting-actuation capabilities.

 Concept: Piezoelectric particles (e.g., BaTiO3) or fibers are mixed into the matrix of an MRE. Alternatively, layers of
piezoelectric film and MRE are laminated together.

 Functionality:

1. Self-Sensing Actuation: The piezoelectric phase generates a voltage in response to the deformation of the MRE.
This signal can be used to monitor the strain state and contact forces of the actuator without needing a separate sensor.

2. Integrated Harvesting and Actuation: The composite can harvest energy during passive operation (when the MR
effect is off) and use it for active control (when the MR effect is on).

 Application: A soft robotic skin made of a Piezo-MRE composite can simultaneously sense touch (piezoelectric
signal) and change its local stiffness (MR effect) to conform to an object or provide haptic feedback.

Figure 3. Conceptual Architecture of a Hybrid Piezoelectric-MR Composite

Figure 3 list Schematic of a hybrid piezoelectric-MR composite structure. This multi-functional material can
simultaneously harvest energy or sense deformation (via the piezoelectric layer) and adjust its mechanical stiffness (via
the MRE layer) in response to a magnetic field.

6. Challenges and Future Perspectives

Despite significant progress, several scientific and engineering challenges must be overcome to realize the full potential
of these materials and their hybrids.

6.1 Persistent Challenges

Material Durability and Stability: For piezoelectrics, fatigue under cyclic loading and depolarization at high
temperatures are concerns. For MR fluids, long-term stability, prevention of particle settling, and seal wear are critical
issues. In MREs, the interface between particles and matrix can degrade over time, reducing the MR effect.

 Efficiency and Power Density: The energy conversion efficiency of PEHs, especially at low frequencies, remains
low. The power consumption of MR devices, while lower than equivalent electromagnetic actuators, can still be a
constraint for portable applications.

Smart Materials and Engineering Applications https://smea.cultechpub.com/index.php/smea

73



 Design and Integration Complexity: Designing and fabricating hybrid systems introduces complexities in material
compatibility, electromagnetic interference, and control system design. Optimizing the performance of both material
phases within a single composite is non-trivial.

6.2 Future Research Directions

 Advanced Material Synthesis: Developing lead-free piezoelectrics with high Curie temperatures and coefficients
(e.g., KNN-based, BZT-BCT), and MR materials with nano-sized or coated particles to enhance stability and reduce
hysteresis. 4D printing of these smart materials will enable complex, programmable architectures.

 Data-Driven Design and Control: Utilizing machine learning and optimization algorithms to design
harvester/actuator geometries for maximum performance and bandwidth. Implementing intelligent, adaptive control
systems (e.g., fuzzy logic, neural networks) that can manage the complex, nonlinear behavior of hybrid systems in real-
time.

 Bio-Inspiration and Multi-Scale Modeling: Drawing inspiration from biological systems (e.g., the piezoelectricity
in bone) to create hierarchically structured materials. Developing multi-physics models that accurately couple
mechanical, electrical, and magnetic phenomena across different length scales.

 Focus on Sustainability: Prioritizing the development of non-toxic, recyclable, and biodegradable smart materials to
minimize the environmental impact of future deployments, especially for large-scale or disposable IoT applications.

7. Conclusion

Piezoelectric and magnetorheological materials represent two pillars of modern smart material technology, each offering
a unique pathway to interact with and harness the physical environment. Piezoelectrics provide a direct mechanism for
converting wasted mechanical energy into valuable electrical power and for creating self-powered sensors.
Magnetorheological materials offer unparalleled, rapid control over mechanical properties, enabling soft actuators that
can transition between compliant and rigid states. While each field continues to advance independently through
innovations in materials science and device engineering, the most profound opportunities lie at their intersection.

The integration of piezoelectric and MR functionalities into hybrid systems paves the way for a new class of intelligent,
multi-functional, and energy-autonomous devices. These systems can sense their environment, harvest operational
energy, and adapt their mechanical response accordingly—hallmarks of truly intelligent matter. Overcoming the
remaining challenges related to efficiency, durability, and integration will require a concerted, interdisciplinary effort.
As research progresses, we can anticipate the emergence of transformative applications, from fully self-powered
prosthetic limbs and autonomous soft robots to intelligent infrastructure systems that monitor their own health and adapt
to dynamic loads. The synergy between piezoelectric and magnetorheological materials is poised to be a cornerstone of
next-generation engineering solutions.
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