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Abstract  

In conventional classification, soft robots feature mechanical compliance as the main distinguishing 
factor from traditional robots made of rigid materials. Recent advances in functional soft materials 
have facilitated the emergence of a new class of soft robots capable of tether-free actuation in response 
to external stimuli such as heat, light, solvent, and electric or magnetic fields. Among the various 
types of stimuli-responsive materials, magnetic soft materials have shown remarkable progress in 
their design and fabrication, leading to the development of magnetic soft robots with unique 
advantages and potential for many important applications. However, the field of magnetic soft robots 
is still in its infancy and requires further advancements in terms of design principles, fabrication 
methods, control mechanisms, and sensing modalities. Successful future development of magnetic soft 
robots would require a comprehensive understanding of the fundamental principle of magnetic 
actuation as well as the physical properties and behavior of magnetic soft materials. In this review, 
we discuss recent progress in the design and fabrication, modeling and simulation, and actuation and 
control of magnetic soft materials and robots. We then give a set of design guidelines for optimal 
actuation performance of magnetic soft materials. Lastly, we summarize potential biomedical 
applications of magnetic soft robots and provide our perspectives on next-generation magnetic soft 
robots. 
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1. Introduction 

Composed of materials with moduli close to those of soft biological materials (i.e., 104 to 109 Pa), 
soft-bodied robots hold great promise for many important applications, particularly in biomedical 
areas because of their inherent mechanical compliance that can lead to enhanced safety during their 
operation. The use of soft materials helps to prevent tissue damage while interacting with biological 
tissues or organs,1-3 by allowing for continuous deformation4,5 and ensuring the mechanical similarities 
to the interfacing tissue. Despite the purported advantages of soft robots and burgeoning efforts to 
utilize them in biomedical applications, the field of soft robotics is still faced with a set of key 
challenges. First, conventional soft robots based on pneumatic or hydraulic actuation (i.e., fluid-
driven) or antagonistic pairs of mechanical wires (i.e., tendon-driven) are mostly heavily tethered for 
connection to the driving actuators and supporting hardware.1,6,7 This limits their practical use in 
applications where tether-free actuation is required or preferred, such as implantable devices for 
internal organ support or controlled drug release and minimally invasive devices for therapeutic or 
diagnostic operations. Second, most soft robots are difficult to accurately model and control, because 
their actuation mechanisms often rely on highly nonlinear deformation or even instabilities while 
requiring complex structural designs with many passive degrees of freedom.1,3,5,8 This elusive nature 
of soft robots renders the traditional model-based approach for controlling rigid robots largely 
inapplicable.9 Third, mainstream soft robots with conventional actuation mechanisms are difficult to 
miniaturize down to sub-millimeter scales, because their fabrication methods are often unfavorable 
to such small size.3,9,10   

The invention of “stimuli-responsive” or “functional” (also referred to as “smart” or “active” in 
the field) soft materials has led to the development of soft actuators or artificial muscles that can be 
controlled remotely by means of external stimuli such as heat, light, solvent, or electric or magnetic 
field.11 Composed of soft polymers (e.g., elastomers or hydrogels) with integrated micro- or 
nanomaterials as functional components, most stimuli-responsive soft materials by themselves are 
not new in the field of materials science. However, the recent progress in advanced fabrication 
techniques for functional soft materials has enabled previously inaccessible and more sophisticated 
designs across various length scales, facilitating the development of small-scale, untethered soft robots 
with programmable shape-changing capabilities.2,12,13 Among the various types of soft materials that 
self-actuate in response to external stimuli, magnetically responsive soft materials have shown 
remarkable progress in terms of both their design and fabrication, leading to the development of 
magnetically actuated and controlled soft robots.14-16 These magnetic soft robots possess great 
potential for biomedical applications because of a set of unique advantages of magnetic actuation. 
First, natural tissues and organs are transparent to static and low-frequency magnetic fields,17 and 
magnetic fields can be remotely applied without causing any adverse effects on biological systems 
over a wide range of actuating field strengths and frequencies.18 Second, magnetic fields are relatively 
easy to control in that their magnitude, phase, and frequency can be modulated accurately and 
rapidly.19 For these reasons, magnetic fields can offer a safe and effective means of manipulating 
untethered soft robots in confined spaces inside the human body.20 

The potential of magnetic soft robots for biomedical applications has been demonstrated in a 
number of impressive examples. For instance, self-folding “origami” robots have been reported that 
can crawl through the gut, patch wounds, and dislodge swallowed objects;21,22 and soft “capsule” 
robots have been made that roll along the inner surface of the stomach and can perform biopsies and 



deliver medicine.23-25 Magnetically steerable robotic catheters have also been developed, which can 
perform minimally invasive therapeutic or diagnostic operations on the heart26-29 or in the lung 
airways.30 Much thinner thread-like robots have also been developed that can navigate the narrow 
and complex vasculature of the brain to treat intracranial aneurysms or stroke.31 Ranging from 
hundreds of micrometers to a few centimeters in diameter, these small-scale robots would not damage 
interfacing tissues owing to their soft and flexible nature. Despite the promising developments and 
demonstrated potential of magnetic soft robots, much work still needs to be done to make them 
practically useful and applicable in clinical settings. Further advancements in the field of magnetic 
soft materials and robots would require a comprehensive understanding of physical and chemical 
properties of magnetic materials and fundamental principles of magnetic actuation as well as 
quantitative modeling of the behavior of magnetic soft materials under applied magnetic fields. 
Identifying key scientific and technical challenges that remain to be overcome will also be important 
for developing next-generation magnetic soft materials and robots.  

In this review, we discuss recent developments in the field of magnetic soft materials and robots. 
We first discuss various types of magnetic soft materials with different characteristics depending on 
the chosen magnetic and polymeric substances as well as their microscopic morphologies and 
configuration in the composite. Then, we discuss common strategies and underlying principles for 
different types of magnetic soft actuators, based on which we further discuss the quantitative 
modeling of magnetic soft materials and robots. We also review recent developments in the related 
areas of additive manufacturing and microfabrication as well as magnetic manipulation platforms as 
they pertain to the design, fabrication, actuation, and control of magnetic soft materials and robots. 
We then discuss applications of magnetic soft materials to soft robotic or electronic devices and also 
highlight their biomedical applications, in which we see the greatest potential of magnetic soft robots 
for societal impact. Finally, we provide considerations for future developments of next-generation 
magnetic soft materials and robots, focusing on unmet needs and remaining challenges.  

2. Composition, Structure, and Properties  

2.1. Classification of Magnetic Soft Materials 

Historically, magnetically responsive soft materials in the form of elastically deformable solids 
have been referred to by a variety of terms such as magnetorheological,32-36 magnetoactive,37,38 or 
magnetosensitive39-41 elastomers or gels or, simply ferrogels,42-45 depending on their applications or the 
type of materials used. For simplicity, we refer to such elastic solids with mechanical softness or 
compliance as well as magnetic properties as magnetic soft materials. In our definition, and 
throughout this review, the term “magnetic” generally implies “strongly magnetic”. Accordingly, we 
will use the term “magnetic materials” to generically refer to “ferromagnetic” or “ferrimagnetic” 
materials that are strongly attracted to a magnet due to spontaneous magnetization (i.e., magnetic 
moments present in the material even in the absence of an external magnetic field). Magnetic soft 
materials in general have at least two constituent materials to form a composite, in which magnets 
of varying sizes (from nanometers to millimeters) are attached to or integrated into deformable bodies 
made of soft materials or flexible structures.20  

Depending on the composite structure, magnetic soft materials can be classified into either discrete 
or continuous systems. Discrete systems have one or a few finite-sized magnets or some patches of 
magnetic composite attached to or embedded in the deformable body21,22,24,25,46 and hence feature 



highly concentrated and localized magnetic moments (Figure 1a). Continuous systems have dispersed 

magnetic materials usually in the form of micro- or nanoscale particles, which give rise to diluted 
and distributed magnetic moments throughout the composite matrices (Figure 1b). Continuous 

magnetic soft materials can be further divided into either isotropic or anisotropic composites, 
depending on the distribution and orientation of the embedded magnetic particles in the composite 
matrix. In isotropic composites, the magnetic particles are uniformly dispersed and randomly oriented 
(Figure 1c), regardless of whether the particles themselves are isotropic or anisotropic in shape. In 

anisotropic composites, however, the embedded magnetic particles are either connected to form 
microscopic chains that are aligned in the same direction or all oriented toward the same direction 
(Figure 1d), both of which can result from an external magnetic field applied during the solidification 

of the soft polymer matrix to immobilize the aligned particles.  

In the following sections, we summarize some common types of magnetic materials as functional 
components and discuss their physical properties and magnetic characteristics in the context of 
actuating magnetic soft materials. We then discuss common materials for host polymers or flexible 
substrates of magnetic soft materials and robots across various length scales. 

 
Figure 1. Classification and composition of magnetic soft materials. Magnetic soft materials can be classified into either (a) 
discrete or (b) continuous systems depending on whether the magnetic components are in the form of finite-sized magnets 

embedded in the flexible structure or micro- or nanoparticles dispersed in the soft polymer matrix. Continuous magnetic 
soft materials can be further categorized into either (c) mechanically isotropic or (d) anisotropic composites depending on 

the microscopic structure or arrangement of the magnetic filler particles in the host polymer matrix. The polymeric 
component of magnetic soft materials can be classified into either (e) passive polymeric materials such as thermosetting or 

thermoplastic elastomers and swollen gels or (f) active polymeric materials such as shape memory polymers or liquid crystal 
elastomers depending on whether the polymer matrices themselves are responsive to external stimuli to change their physical 
properties or produce actuation via deformation. 



2.2. Magnetic Components 

Among the different classes of magnetic materials, the focus here is primarily on ferromagnetic or 
ferrimagnetic substances, which are generally considered “magnetic” due to their strong response to 
an externally applied magnetic field. Depending on the magnetization characteristics, these strongly 
magnetic materials can be classified into three categories: soft-magnetic, hard-magnetic, and 
superparamagnetic. The key difference among these types of magnetic materials can be described by 
the qualitatively different features of their magnetization curves (Figure 2, a-c). In doing so, two 

quantities of particular importance are the remanence (or remanent magnetization), , and the 
coercivity (or coercive field), . The remanence denotes the magnetization that remains in the 
material even in the absence of external actions once the material is magnetized by a large magnetic 
field. The coercivity represents the resistance to being demagnetized and measures the magnetic field 
strength required to reverse the remanent magnetization in the material. Other important parameters 
are the magnetic susceptibility , and the saturation magnetization . The magnetic susceptibility 
indicates how much of the material of interest will be magnetized in a given applied magnetic field 
and corresponds to the slope of the magnetization curve (i.e.,  , where  is the induced 
magnetization and  is the applied magnetic field) in a differential sense for magnetically isotropic 
materials. As the field strength  increases, the material becomes further magnetized and eventually 
saturated when all moments are aligned substantially with the applied magnetic field, with the 
induced magnetization, , approaching the saturation magnetization . 

 
Figure 2. Classification of magnetic materials and characteristics of magnetic particles with different sizes and shapes. (a-
c) Magnetic component of magnetic soft materials can be divided into three categories (soft-magnetic, hard-magnetic, and 

superparamagnetic) depending on their magnetization characteristics. In general, soft-magnetic materials are characterized 
by their high saturation magnetization ( ), low coercivity ( ), and low remanence ( ) with narrow hysteresis curves, 
whereas hard-magnetic materials are characterized by large hysteresis due to their high coercivity and remanence. 
Superparamagnetic materials exhibit no hysteresis and become quickly saturated under relatively low fields. (d) Qualitative 
behavior of coercivity of magnetic particles depending on their size. The coercivity increases as the particles become smaller 



to approach the single-domain regime, but the coercivity disappears below a certain critical size to enter the 
superparamagnetic regime as the smaller particles become more susceptible to thermal fluctuation and hence cannot retain 
stable magnetism in the absence of external fields. (e) Magnetic particles can also be classified into magnetically isotropic 
or anisotropic particles depending on their particle morphology and preferred magnetization direction.  

2.2.1. Soft-Magnetic Materials 

Soft-magnetic materials such as iron and nickel- or silicon-based alloys of iron are characterized 
by high magnetic susceptibility and saturation magnetization but relatively low remanence and 
coercivity (Figure 2a). Owing to these properties, soft-magnetic materials are strongly attracted to 

a magnet and easy to magnetize, but at the same time, they are easily demagnetized as well by a 
relatively weak magnetic field. Conventional magnetic soft composites based on magnetorheological 
elastomers and ferrogels mostly use carbonyl iron or iron oxide particles embedded in soft polymer 
matrices. This type of composite exhibits soft-magnetic characteristics (i.e., low remanence and low 
coercivity) while being mechanically soft (i.e., low Young’s modulus), and we therefore refer to this 
type as soft-magnetic soft materials.  

In general, the response of soft-magnetic soft materials to externally applied magnetic fields is 
complex and largely dependent on the microstructure of the composite as well as the concentration 
and configuration of the embedded soft-magnetic particles.47-49 Our focus here is on the qualitative 
description of the most representative behavior of soft-magnetic soft materials. In an unstructured 
isotropic composite, the application of a uniform magnetic field induces dipole-dipole interactions 
between the neighboring particles that are magnetized by the applied field, provided that the particles 
are close enough to each other due their sufficient volume fraction (Figure 3a). Under a sufficiently 

strong field, the magnetized particles tend to align themselves with the applied field, causing changes 
in their microscopic arrangement in the composite matrix and associated physical interaction between 
the particles and the polymer matrix. The microscopic rearrangement of the magnetized particles 
leads to macroscale material response, causing the matrix to elongate in the applied magnetic field 
direction (Figure 3a).50 Such magnetically induced deformation is often referred to as 

“magnetostriction” in the literature.38,47,49-52 

Anisotropic composites with chain-like microstructures can be obtained by applying an external 
magnetic field to the uncured mixture of soft-magnetic particles and polymer resin/solution during 
the fabrication process (Figure 3b). The applied field magnetizes the particles and induces dipolar 

coupling between the magnetized particles during the solidification of the composite mixture, after 
which the particle chains are immobilized within the polymer matrix, resulting in an anisotropic (or 
transversely isotropic) composite. When an external magnetic field is subsequently applied to this 
anisotropic composite along the chained particles, magnetic forces arise from the dipole-dipole 
interaction between the magnetized particles and help them maintain the interparticle orientation to 
oppose mechanical deformations, thereby increasing the apparent stiffness or modulus of the 
composite (Figure 3b),36,38,53 which is often termed the “magnetorheological effect” or field-induced 

stiffening. Owing to their ability to rapidly modulate the viscoelastic properties (stiffness and 
damping) in a reversible and controllable manner, magnetorheological elastomers and gels have found 
utility in vibration isolation or absorption applications.54-59  



 
Figure 3. Traditional magnetic soft materials and their response to externally applied magnetic fields. (a) Field-induced 

deformation (magnetostriction) of isotropic soft-magnetic soft materials with randomly dispersed particles. (b) Field-

induced stiffening (magnetorheological effect) of anisotropic soft-magnetic soft materials with chained particles.  

In the context of soft robotic applications, however, traditional soft-magnetic soft materials in the 
form of magnetostrictive or magnetorheological elastomers and gels have somewhat limited utility in 
terms of creating useful functions to perform a set of different tasks. For instance, it is challenging 
to reproduce walking gaits or grasping tasks, which typically utilize bending motions or complex 
shape changes, using the simple deformation based on uniaxial elongation of isotropic composites 
(Figure 3a). Magnetic torques can help to increase the level of complexity in terms of available 

actuation modes and achievable shapes by introducing additional degrees of freedom associated with 
the rotation of body parts. However, when the embedded soft-magnetic particles have spherical 
shapes, the individual particles cannot produce magnetic torques. This is because the induced 
magnetic moment in each particle is always aligned with the applied magnetic field, meaning zero 
torque, as a consequence of the spherical particles being magnetically isotropic to have no preferred 
magnetization direction (Figure 2e). For this reason, typical magnetosensitive elastomers and gels 

based on isotropic soft-magnetic soft materials have utilized force-driven magnetic actuation to create 
material deformation (shortening,60 elongation,42 or bending61) (Figure 4b) based on the attractive 

force acting on the magnetized particles under spatially nonuniform actuating fields (Figure 4a). 
Another force-driven actuation mode for isotropic soft-magnetic soft materials in the shape of a 
cylindrical rod utilizes buckling and coiling instability in the presence of confinement under a strong 
magnetic field,62-64 which leads to contraction of the rod in the axial direction to function as an 
artificial muscle (Figure 4b).  

To produce magnetic torques from soft-magnetic materials, one needs to break the symmetry in 
their response to an externally applied magnetic field by introducing some form of magnetic 
anisotropy in the composite matrix. Such magnetic anisotropy can be introduced by either forming 
chains of isotropic particles to create asymmetry at the composite level65-67 (Figure 4c,d) or employing 

anisotropic filler particles with nonspherical shapes (e.g., rods, spheroids, platelets)68-71 to produce 
local asymmetry at the particle level (Figure 2e).18,69,72 However, the magnetic torque arising from 

the broken symmetry due to either anisotropic particle arrangement or anisotropic particle shape is 
intrinsically nonlinear and hence nontrivial.73 Unlike isotropic particles in which the magnetization 
is always induced along the applied field, the induced magnetization in a chain of spherical particles 
or in a non-spherical particle (Figure 4c) is largely dependent on their shape and orientation relative 

to the applied magnetic field. The magnetic torque produced by a chain of isotropic soft-magnetic 
particles or an anisotropic particle under an applied actuating field will be described more 
quantitatively in Section 3.2.2, where we discuss the principles of torque-driven actuation for 

anisotropic soft-magnetic materials based on idealized magnetic constitutive laws.  



 
Figure 4. Different actuation modes of soft-magnetic soft materials. (a) Magnetic force acting on a single soft-magnetic 

particle under spatially nonuniform magnetic fields. (b) Force-driven actuation modes for isotropic soft-magnetic soft 
composites under spatially nonuniform actuating fields: shortening,60 elongation,42 bending,61 and contraction based on 
buckling and coiling instability.62-64 (c) Magnetic torque acting on anisotropic or chained soft-magnetic particles under 

spatially uniform magnetic fields. (d) Torque-driven actuation of anisotropic soft-magnetic soft composites with chained 
soft-magnetic particles.65-67 It should be noted that the principle of torque-driven actuation of anisotropic composites based 
on chained soft-magnetic microparticles65 also holds for superparamagnetic nanoparticles.66,67 

2.2.2. Hard-Magnetic Materials 

The most distinctive feature of hard-magnetic materials is that they can become a stable and 
permanent source of magnetic field after being magnetized, due to their large magnetic hysteresis 
characterized by the high coercivity and high remanence (Figure 2b). For example, the coercivities 

of alnico (iron alloys consisting of aluminum, nickel, cobalt, and copper) range from 30 to 150 kAm–

1, which is orders of magnitude greater than that of soft-magnetic materials. In hexagonal ferrites, 
such as barium hexaferrite (BaFe12O19)

34,46,74 or strontium hexaferrite (SrFe12O19), the coercivity can 
be around 300 kAm–1. It can even exceed 1000 kAm–1 in rare-earth magnets such as samarium-cobalt 
(SmCo5 or Sm2Co17) or neodymium-iron-boron (Nd2Fe14B). The high coercivity allows them to be 
relatively insensitive to external conditions (e.g., temperature and magnetic fields) and have much 
greater resistance to being demagnetized when compared with soft-magnetic materials. In other words, 
hard-magnetic materials can retain their high remanent magnetization even when exposed to external 
magnetic fields (below the coercive field at which the magnetization reversal occurs) or elevated 
temperature (below the Curie point at which the material begins to lose its remanence). When hard-
magnetic particles are incorporated into a soft polymer matrix, the resulting composite can exhibit 
hard-magnetic characteristics (i.e., high remanence and high coercivity) while being mechanically 
soft, acting as a flexible and deformable permanent magnet. We refer to this type of magnetic soft 
composite as hard-magnetic soft materials.  



One of the unique advantages of using hard-magnetic materials is that magnetic torques can be 
readily exploited from individual magnetic dipole moments, which act as distributed and stable 
actuation sources under spatially uniform magnetic fields (Figure 5a). Once the embedded hard-

magnetic particles are magnetized to saturation, their remanent magnetization can be considered 
almost independent of the external actuating field below the coercivity. The implication of this stable 
remanence is that the magnetic torque acting on the material linearly increases with the applied field 
within the actuation range below the coercivity. As a representative example of hard-magnetic soft 
actuators, we consider a simple rectangular beam composed of a hard-magnetic soft material that is 
uniformly magnetized to have its remanent magnetization formed along the length direction (Figure 

5b). Under a spatially uniform actuating field that is applied perpendicularly to the beam, the 

embedded hard-magnetic particles tend to align their remanent magnetization with the actuating 
field due to the magnetic torques, creating bending actuation of the beam toward the applied field 
direction (Figure 5b). Under spatially nonuniform magnetic fields, magnetic forces as well as the 

magnetic torques act on the particles such that they are attracted toward the direction in which the 
field strength increases (Figure 5c), which helps to further increase the deflection of the beam (Figure 

5d).  

 
Figure 5. Torque- and force-driven bending actuation of hard-magnetic soft materials. (a) Magnetic torque acting on a 

magnetized hard-magnetic particle under a spatially uniform magnetic field. (b) Rectangular beam made of a hard-magnetic 

soft composite that is uniformly magnetized along the length direction and its torque-driven bending actuation under a 
uniform actuating field that is applied perpendicularly to the beam’s remanent magnetization. (c) Magnetic torque and 
force acting on a magnetized hard-magnetic particle under a spatially nonuniform magnetic field, in which the particle not 
only rotates due to the magnetic torque but also moves toward the direction of the increasing field due to the attractive 
magnetic force. (d) Bending actuation of hard-magnetic soft materials under nonuniform actuating fields is initially driven 

by the magnetic torque and further supported by the increasing magnetic force as the body deforms to align its remanent 
magnetization with the applied field.  



For such bending actuators, either isotropic or anisotropic hard-magnetic particles can be used. 
When using magnetically anisotropic hard-magnetic particles as distributed actuation sources (e.g., 
platelet-shaped barium hexaferrite particles), the neighboring particles should be oriented toward the 
same direction (Figure 1d) to be able to create macroscale bending actuation of the composite using 

the magnetic torques generated by the particles. This is because the preferred magnetization 
directions of magnetically anisotropic particles are constrained to their easy axes due to the shape-
induced or magnetocrystalline anisotropy (Figure 2e). If the magnetized rods or platelets were 

randomly oriented in the composite (Figure 1c), with their magnetic moments pointing in different 

directions, the magnetic torques produced by the particles would cancel each other out to yield zero 
net torque at the composite level. The necessity of such particle alignment in the composite to 
produce a nonzero net torque implies that the composite is likely mechanically anisotropic to have 
greater stiffness along the aligned particles which essentially act as rigid, reinforcing elements.  

For simplicity, it is also possible to use magnetically isotropic hard-magnetic materials such as 
rapidly solidified (e.g., melt-spun or gas-atomized) neodymium-iron-boron microparticles.75-77 Upon 
rapid quenching of the molten alloy, the solidified microparticles can develop nanocrystalline or 
amorphous microstructure with nanoscale grain size comparable to or less than a single magnetic 
domain, giving rise to their isotropic magnetization properties. Therefore, when magnetically 
isotropic hard-magnetic particles are used, the magnetic torque can be readily exploited regardless of 
the shape and orientation of the embedded particles, and thus the remanent magnetization within 
the composite matrix can be designed in a more flexible manner. Recent advances in the fabrication 
techniques have facilitated engineering hard-magnetic soft materials with programmable, complex 
shape-changing capabilities by enabling design of intricate magnetization patterns within the 
composite matrix. The resulting structures, as we shall see later, have demonstrated a rich array of 
actuation behavior due to the additional degrees of freedom controlled by the magnetic torque. 

2.2.3. Superparamagnetic Materials 

It is worth noting that the magnetization characteristics of certain magnetic materials are not 
necessarily their intrinsic material properties. That is, the same magnetic material can exhibit 
different magnetization behavior depending on its size, shape, crystalline microstructure, etc. For 
example, typical soft-magnetic materials such as iron, nickel, and cobalt can have relatively stable 
remanent magnetization when they are in the form of single-domain particles with anisotropic shape 
(e.g., nanorods or nanowires) due to the enhanced coercivity, which increases with their aspect 
ratios.78-81 The coercivity of magnetic materials is largely dependent on the particle size as well. When 
the size is sufficiently small (e.g., below a micrometer in diameter), magnetic particles prefer to stay 
uniformly magnetized and to avoid the formation of magnetic domains, exhibiting single-domain 
characteristics with high remanence. However, when the particles become smaller than a certain 
critical size, the coercivity starts to decrease drastically as the particles become more susceptible to 
thermal fluctuation and relaxation (Figure 2d). Hence, ferro- or ferrimagnetic particles smaller than 

the critical size would behave in a way analogous to paramagnetic materials with no hysteresis (i.e., 
no remanence in the absence of an external magnetic field), except for the fact that it still retains 
relatively high magnetic susceptibility (i.e., remaining strongly magnetic in the presence of an 
external field). For this reason, this type of behavior has been denominated as superparamagnetism. 
The magnetization curve of a superparamagnetic particle is characterized by the near absence of 
remanence and coercivity and is therefore typically modeled with the Langevin function (Figure 2c). 



Iron oxide nanoparticles, particularly magnetite (Fe3O4), are most commonly used for biomedical 
applications because of their biocompatibility.82-84 

Magnetic soft composites with embedded superparamagnetic nanoparticles, which we refer to as 
superparamagnetic soft materials, are similar to soft-magnetic soft materials in the sense that they 
cannot produce magnetic torques without columnar microstructures of chained particles for providing 
magnetic anisotropy. Magnetic torques generated by the chained superparamagnetic nanoparticles 
have been demonstrated to be an effective means for driving small-scale soft bending actuators 
(Figure 4d).67,85,86 However, the maximum particle loading at which the nanoparticles are uniformly 

dispersed in the soft polymer matrix is in general far lower (i.e., typically below 10 vol%) than that 
of soft- or hard-magnetic microparticles.87,88 This can be attributed in part to the propensity of 
nanoscale magnetic particles to cluster and aggregate due to attractive van der Waals forces between 
the particles when the interparticle distance decreases as the particle volume fraction increases.89-91 
For better dispersion and colloidal stability, magnetic nanoparticles need to be coated or 
functionalized with polymers to have thin shells to increase the electrostatic repulsion and steric 
interaction to balance the attractive forces.88-92 With the relatively low particle concentration, the 
field-induced stiffening or elongation behavior under an applied field is generally less pronounced in 
superparamagnetic soft materials than in magnetorheological elastomers or gels based on soft-
magnetic microparticles. For these reasons, previously reported superparamagnetic soft materials 
mostly utilized magnetic forces acting on the embedded particles in the presence of field gradients 
(i.e., under nonuniform magnetic fields) to induce deformations at the composite level (Figure 

2c),60,61,93,94 commonly in the form of macroporous sponge-like composites to maximize the strain. 

Overall, the relatively low particle concentration in superparamagnetic soft materials leads to low 
magnetic moment density per unit volume and therefore low magnetic torque and force densities in 
general, when compared with the other types of magnetic soft materials.  

 
Figure 6. Magnetothermal actuation of superparamagnetic soft materials based on thermally responsive polymer matrices. 
The programmed shape changes of the composite structures are triggered by field-induced heating through thermal 
relaxation of the embedded superparamagnetic nanoparticles under alternating fields, which leads to (a) recovery of the 

shape memory polymer into the original shape or (b) deswelling (shrinkage) of the temperature-sensitive hydrogel in the 
form of bilayer structure.  

Although superparamagnetic nanoparticles may not be ideal for producing actuation due to the 
limitations discussed above, they could offer a unique advantage in converting electromagnetic energy 
into heat via thermal relaxation under an alternating magnetic field.83,95,96 Ferromagnetic 
microparticles can also produce heat by dissipating energy through other mechanisms such as 



magnetic hysteresis, where the area of the hysteresis loop is proportional to the dissipated energy. 
However, the energy dissipation in ferromagnetic microparticles during the cycle of magnetization 
and demagnetization would require either high field strength due to their greater coercivity or low 
frequency due to the longer time scale in their magnetization/demagnetization behavior, rendering 
it less effective and energy-efficient than generating heat using superparamagnetic nanoparticles. 
When superparamagnetic nanoparticles are incorporated into thermally responsive polymeric 
materials, such as shape memory polymers,97-102 liquid crystal elastomers,103,104 and temperature-
sensitive hydrogels,105,106 internal heating through the released energy from the nanoparticles under 
alternating magnetic fields can be harnessed to induce programmed shape changes (Figure 6a) or 

control swelling/deswelling behavior of the composite (Figure 6b), producing indirect actuation that 

is different from direct magnetic actuation based on magnetic forces or torques. 

2.3. Polymeric Components 

Polymeric components of magnetic soft materials account for the elasticity of the composite 
matrices in which the magnetic filler particles are embedded. Forces and torques acting on the 
individual particles under an external magnetic field generate internal mechanical stresses, causing 
the soft polymer matrix to deform, the extent of which is determined by how soft or flexible the 
material or structure is and how the polymeric material behaves under the applied stress. A variety 
of soft elastomers and gels can be used as host polymers for the embedded magnetic fillers, and the 
choice of polymeric substances depends on various factors: desired mechanical (viscoelastic) properties 
of the composite, physicochemical properties of the chosen polymers and their compatibility with 
magnetic filler particles (especially when the particles are surface-treated or functionalized), required 
functions and target applications, environmental conditions, fabrication schemes, and so on. In the 
traditional sense of magnetic soft materials, polymeric components are mostly passive (Figure 1e), 
while the activeness comes only from the embedded magnetic particles in response to the actuating 
field. More recent studies have demonstrated multifunctional magnetic soft materials that utilize 
thermal or photothermal actuation in tandem with magnetic actuation by using stimuli-responsive 
materials such as shape memory polymers107-111 and liquid crystal elastomers112 as active polymeric 
components (Figure 1f). In the following sections, we discuss some commonly used soft polymeric 

materials and their characteristics in the context of magnetic soft actuators. 

2.3.1. Passive Polymer Matrices 

2.3.1.1. Elastomers 
Among the various types of rubber-like soft materials, silicone-based thermosetting elastomers 

(Figure 1e) have been most commonly used as host polymers for magnetic soft materials, primarily 

because they are relatively easy to handle during the fabrication process for producing composite 
materials. In addition, there is a wide range of commercial products with different mechanical 
properties available off the shelf. Some of the representative products include Sylgard 184 (Dow 
Chemical), Ecoflex 00-10/00-20/00-30 (Smooth-On, Inc), and Elastosil RT604/RT625/RT745 or 
M4601/M4644 (Wacker Chemie AG), which are addition-curing type silicone elastomers that can be 
cured at either elevated temperature (faster curing) or room temperature (slower curing) upon the 
addition of platinum-based catalysts. Unless too heavily loaded, magnetic particles can be mixed 
easily with the base liquid of uncured silicone resin using a planetary centrifugal mixer before adding 
the catalysts. However, it is worth noting that microparticles or agglomerates of nanoparticles can 



settle in the uncured mixture after some time due to gravitational sedimentation of the dispersed 
particles, leading to phase separation in the composite mixture. For composites based on hard-
magnetic microparticles, it has been shown that the uncured composite mixture can become a 
thixotropic paste when the dispersed particles are permanently magnetized, which helps to prevent 
the sedimentation of the dispersed particles over time.31 After mixing with the curing agent (catalysts), 
the composite mixture can be cast, molded, or printed to obtain desired shapes upon curing and 
solidification. The inclusion of rigid filler particles generally leads to the reinforcement of the 
elastomer, making the composite stiffer and less stretchable than unfilled elastomers. The increased 
stiffness and reduced stretchability can be compensated to some extent by lowering the cross-linking 
density of the silicone elastomer network by reducing the amount of the cross-linking agent during 
the fabrication process.  

Thermoplastic elastomers have also been used as the host polymers for magnetic soft composites, 
where common types of materials include thermoplastic polyurethane65,66,113 and styrene-ethylene-
butylene-styrene (SEBS),114-116 which are essentially block copolymers with alternating rigid and 
flexible segments. The rigid crystalline segments serve as physical cross-links to form a copolymer 
network (Figure 1e), while the flexible amorphous segments provide the network with elasticity.117 

At elevated temperature, the rigid segment becomes disentangled and softer, making the polymers 
melt-processable. Upon cooling, the rigid segment solidifies again, and the material regains its 
strength and elasticity. Magnetic particles can be mixed into the molten thermoplastic elastomers 
through a process called melt blending or compounding, typically using a twin-screw extruder, and 
then formed into desired shapes through different manufacturing processes such as extrusion, 
injection, blowing, and compression molding. However, such melt-processing requires dedicated 
facilities that are often too bulky and costly for a single laboratory to have for research purposes. 
Hence, it is not uncommon to use organic solvents (i.e., tetrahydrofuran65 or dimethylformamide31) 
to dissolve the thermoplastic elastomers for blending with magnetic particles as well as processing at 
room temperature. The mixture can be cast, molded, or printed into desired forms that solidify upon 
evaporation of the solvent. This method, so-called solvent casting, however, inevitably entails a 
certain level of shrinkage of the composite volume during the solidification process as a result of the 
evaporation of the solvent molecules. 

Thermoplastic elastomers in general have more desirable mechanical properties in terms of the 
strength and toughness and are hence more durable than silicone elastomers. However, magnetic soft 
composites based on thermoplastic elastomers generally exhibit smaller deformations due to their 
higher modulus values, when compared with softer silicone-based composites under the same 
conditions in terms of the geometry, magnetic particle concentration, and actuating field strength. 
Therefore, when it comes to design and actuation, magnetic soft materials and robots based on 
thermoplastic elastomers often require their structural rigidity (i.e., bending stiffness) to be smaller 
or the actuating magnetic fields to be stronger when compared with silicone-based magnetic soft 
materials and robots. In the context of biomedical applications, there exist medical-grade silicone 
and thermoplastic elastomers that are mechanically soft while at the same time biocompatible to be 
used for medical devices. Being thermosetting polymers, silicone elastomers are resistant to heat, and 
hence silicone-based magnetic soft materials can be readily sterilized by heat (dry heat or steam 
autoclave). When hard-magnetic components are used, however, elevated temperature can 
potentially affect the programmed magnetization pattern and the magnetization strength due to 



thermal relaxation and randomization as discussed earlier. Therefore, if applicable, the heat 
sterilization should precede the magnetization process during the fabrication; otherwise, other 
sterilization methods such as ethylene oxide treatment are preferred. Electron beam or gamma ray 
irradiation can be used, in principle, but these sterilization methods based on ionizing radiation can 
cause changes in the mechanical properties of silicone and thermoplastic elastomers,118,119 which may 
affect the actuation performance as well. 

2.3.1.2. Gels 
Gels generically refer to semisolids composed of cross-linked or colloidal polymer networks with 

entrapped liquids throughout the entire volume of the swollen polymer network (Figure 1e). With a 

relatively low polymer content, gels are generally much softer than elastomers. The focus here, in the 
context of magnetic soft materials and robots, is primarily on cross-linked gels (elastic solids), which 
exhibit much greater elasticity than colloidal gels (complex fluids with finite yield stresses). 
Composed of hydrophilic polymers, gels containing water as a swelling agent are referred to as 
hydrogels, while gels swollen in organic solvents or oils are referred to as organogels. Organogels 
based on styrenic block copolymers such as styrene-ethylene-butylene-styrene (SEBS) or styrene-
butadiene-styrene (SBS) swollen in paraffin or mineral oils120-122 as well as polyurethane or silicone 
gels123 have been used with carbonyl iron particles, mostly for vibration isolation and absorption 
applications. For biomedical applications such as targeted drug delivery, hydrogels have been more 
commonly used because of their purported advantages in terms of biocompatibility or 
biodegradability.124 As the host polymers for magnetic filler particles, hydrogels based on naturally 
occurring polysaccharides such as alginate,60,93 carrageenan,59,125-127 and scleroglucan128 or hydrogels 
based on synthetic polymers such as poly(vinyl alcohol),43,129-131 poly(N-isopropylacrylamide),105,132-134 
and polyacrylamide135-137 have been used. Poly(N-isopropylacrylamide) has been used to design 
thermally responsive magnetic soft robots with dual (magnetic and photothermal) actuation for 
multimodal locomotion134 or thermal actuation combined with magnetic guidance or navigation.132 
When compared with elastomers, hydrogels are in general mechanically weak and brittle138,139 due 
mainly to their high water content (i.e., low polymer content), and so are most of the hydrogel-based 
magnetic soft composites. To improve their mechanical robustness while maintaining the softness, 
highly stretchable and tough hydrogels based on double networks of polyacrylamide-alginate61 or 
physically cross-linked poly(N,N-dimethylacrylamide) by nanoclays140 have also been adopted for 
magnetic soft materials.  

For hydrogel-based magnetic soft materials, it should be noted that ferromagnetic particles can 
be corroded in the aqueous environment of hydrogels (Figure 7a). The corrosion process can be 

accelerated in the presence of dissolved ions which are used as physical cross-linkers for ionically 
cross-linked hydrogels (e.g., alginate, chitosan, hyaluronan, etc.). Partly because of this corrosion 
problem, relatively inert (i.e., already oxidized) iron oxide nanoparticles have been more commonly 
used as filler particles for magnetic soft composites based on hydrogels. To prevent corrosion of 
ferromagnetic particles in hydrogels, protective coating can be applied to the particle surface (Figure 
7b) through different methods. As an example, microparticles of carbonyl iron141-143 and neodymium-

iron-boron31 can be coated with a thin layer of silica (SiO2) through hydrolysis and condensation of 
tetraethyl or tetramethyl orthosilicates (TEOS/TMOS), also known as the Stöber method, followed 
by the nucleation of silica around the magnetic particles (Figure 7d). Other methods for introducing 

an inert passivation layer on the surface of ferromagnetic particles include plasma electrolytic 



deposition,144 atomic layer deposition,145,146 chemical vapor deposition,147 and those based on chemical 
reactions for surface polymerization and polymer grafting.148-150 Anti-corrosion coating is also useful 
for elastomer-based composites, when they are coated with hydrogel skin (Figure 7c) to enhance 

lubrication and biocompatibility for biomedical applications.31  

 
Figure 7. Silica coating on magnetic particles for corrosion prevention. (a) Corrosion of ferromagnetic particles in the 

aqueous environment of magnetic soft composites based on hydrogels. Silica-coated ferromagnetic particles for corrosion 
prevention in (b) hydrogel-based composites or (c) elastomer-based composites with hydrogel skin for biocompatibility and 

lubrication. (d) Schematic of the polycondensation reaction of tetraethyl and tetramethyl orthosilicate (TEOS/TMOS) in 
the presence of catalysts under basic conditions, in which the nucleation and polymerization of TEOS/TMOS give rise to 
cross-linked layers of silica around the magnetic particles.31  

2.3.2. Active Polymer Matrices 

Magnetic soft composites based on passive polymer matrices (i.e., elastomers or gels) undergo 
elastic deformation under an externally applied field and revert to their original shape upon the 
removal of the applied field. The fact that the deformed state can be maintained only in the presence 
of an external actuating field may in some cases be considered an inherent limitation of magnetic 
soft materials for their applications to where semipermanent shape changes are preferred.  

Aimed at enabling magnetic soft materials to maintain their actuated state or deformed shape 
without continuously applying an actuating field, thermally responsive shape memory polymers  
(Figure 1f) have been adopted as the polymeric component of both soft- and hard-magnetic soft 

materials.107-111 Thermally activated shape memory polymers are generally stiff below the transition 
temperature and become softer and more malleable when heated to reach the transition point. When 
soft-magnetic or hard-magnetic particles are incorporated as distributed actuation sources in shape 
memory polymers, the composite can be deformed at or above the transition temperature into a 
desired shape through force- or torque-driven actuation under externally applied magnetic fields. 
Upon cooling below the transition point, the composite becomes stiffer again to maintain the 
deformed shape. The deformed composite can revert to its original shape when heated above the 
transition temperature in the absence of external fields or deform into a new temporary shape when 
heated in the presence of another actuating field to magnetically induce the deformation. It is worth 



noting that there is a key difference between this type of magnetically deformable shape memory 
polymer with shape-locking ability and the conventional type of magnetically activated shape 
memory polymers97-102 discussed earlier (see Section 2.2.3). The conventional type mostly used heat 

generated by the embedded superparamagnetic nanoparticles under oscillating fields to trigger the 
shape memory effect to recover its original shape from the temporary shape (Figure 6a) as an indirect 

means of magnetic actuation. When the two approaches are combined by adding different types of 
magnetic particles, such as hard-magnetic microparticles for magnetic actuation and 
superparamagnetic nanoparticles for magnetic heating, it has been shown that the composite can 
provide fully magnetically controlled actuation with shape-locking capability.107   

Another class of stimuli-responsive polymeric substances for magnetic soft materials is liquid 
crystal elastomers, which are loosely cross-linked soft polymers containing anisotropic (rod-like) 
molecules called mesogens that are covalently attached to the polymers96,151 either as side chains or 
within the main chains (Figure 1f). When heated above their transition temperature, liquid crystal 

elastomers undergo a large contraction along the direction of mesogen alignment, as the mesogens 
undergo a phase transition from an ordered (nematic) state to a disordered (isotropic) state. Complex 
shape changes can be programmed into liquid crystal elastomers by controlling the mesogen 
alignment in the nematic phase. Unlike shape memory polymers with mostly one-way actuation, 
liquid crystal elastomers can produce large deformation in a reversible manner. As is the case with 
shape memory polymers, liquid crystal elastomers have also been used along with superparamagnetic 
nanoparticles to exploit magnetic heating for triggering the nematic-isotropic phase transition103,104 
as discussed in Section 2.2.3. Recently, hard-magnetic soft composites based on liquid crystal 

elastomers have been used to develop small-scale untethered soft robots capable of distinct locomotion 
in different environments, such as walking on a solid surface or swimming by helical propulsion in a 
warm liquid after thermally induced shape change.112  

3. Modeling of Magnetic Soft Materials  
A comprehensive understanding of the fundamental principles for magnetic actuation, as well as 

the physical properties and behavior of magnetic materials, plays a key role in the design of magnetic 
soft materials and robots. When the behavior of magnetic soft materials is modeled, the different 
magnetic characteristics and constitutive relations for the chosen magnetic and polymeric 
components should be considered. For example, magnetized hard-magnetic particles can produce 
torques under externally applied fields, whereas soft-magnetic or superparamagnetic particles do not 
generate torques unless there is some form of magnetic anisotropy. Therefore, to exploit torque-based 
actuation with soft-magnetic or superparamagnetic materials, one needs to use particles with 
asymmetrical shapes or chained particles. In the following sections, we first review some of the 
fundamental magnetostatic relations and discuss how the magnetic force and torque can be 
formulated for hard-magnetic, soft-magnetic, and superparamagnetic soft materials.  

3.1. Principles of Magnetic Actuation 

3.1.1. Force and Torque on a Magnetic Dipole 
The actuation of magnetic soft materials relies on forces and torques acting on the embedded 

magnetic components under externally applied magnetic fields. When a magnetic dipole (point-like 
source) with the magnetic moment m is located at the position x in free space under an externally 

applied magnetic field B, it possesses the magnetic potential energy   (also known as Zeeman energy) 

defined as the dot product of the two vector quantities as 



                      (1) 

A small variation in the position and orientation of the magnetic moment, with the constraint of 
fixed magnitude  causes the change in the potential energy, which can be expressed as 

                     (2) 

For irrotational (i.e., curl-free) magnetic fields with no free electric currents (see Eq.(10) below), 
Eq.(2) can be transformed using relevant vector and tensor identities into an equivalent form as 

                     (3) 

where  is the change in the magnetic moment position, and  is a vector that points along the 
axis of rotation with its magnitude corresponding to the angle of rotation of the magnetic moment 
m. In Eq.(3),  represents the spatial gradient of the applied magnetic field with respect to the 

point x. It is worth noting that the infinitesimal rotation of the magnetic moment  is related to 

 by the following cross-product relation: . From Eq.(3), the magnetic force, , acting 
on the magnetic moment is given by  

                    
 (4) 

while the magnetic torque, , acting on the magnetic moment is given by 

                   
 (5) 

It is worth noting that Eq.(4) can be expressed equivalently as 

                   
 (6) 

using a more common expression in the literature based on the vector operator  (also 
called the nabla operator), where  represents the three Cartesian basis vectors ( ).  

From Eq.(5) we know that the magnetic torque vanishes when the magnetic moment  is aligned 
(either parallel or antiparallel) with the actuating field . We also know from Eq.(4) (or equivalently 
from Eq.(6)) that the magnetic force  exists only in the presence of magnetic field gradients. This 
implies that the actuation based on spatially uniform magnetic fields is driven solely by the magnetic 
torque . Under spatially nonuniform actuating fields, magnetic forces as well as torques can 
contribute to the actuation of magnetic soft materials. In Eq.(6),  denotes the directional 
derivative in the direction of  multiplied by its magnitude. Physically, this implies that the 
magnetic force can be produced when there is a variation in the applied field in the direction of the 
magnetic moment. In general, it is the magnetic torque that drives the actuation by rotating the 
magnetic object to align its remanent or induced magnetic moment with the applied field, while the 
magnetic force attracts the aligned object in the direction of increasing field strength (Figure 5, c,d), 

usually toward the external source of actuating magnetic fields.   

3.1.2. Fundamental Equations in Magnetostatics 
In the presence of homogeneous magnetizable media, it is often more convenient to introduce an 

additional field, the H field, which shares with B the name and the status of magnetic field (for 

differentiation, B is usually termed the magnetic induction or flux density, while H is called the 

magnetic field).152 B and H fields are related by 

                     
 (7) 



where  is the magnetic permeability of free space (vacuum) and M is the magnetization that 

measures the average magnetic moment density in the magnetic media (per unit volume). The 
magnetization vector at a material point x can be defined such that 

                   
 (8) 

where m is the total magnetic moment and V is the volume of the magnetic media. When the material 

is uniformly magnetized, Eq.(8) becomes . It is worth noting that B and H fields are simply 

related by  in the absence of magnetizable media, under which Eqs.(1) to (6) can also be 
written in terms of H fields.  

For magnetostatic systems with no time variation of the pertinent electromagnetic quantities, the 
Maxwell’s equations in differential forms can be stated as 

                    
 (9) 

                      (10) 

where  denotes the spatial divergence of B fields,  denotes the spatial curl of  fields, and 

 is the electric current density. The boundary conditions corresponding to Eqs.(9) and (10) are given 
by 

                      (11) 

                      (12) 

where n is the outward unit normal to the boundary,  denotes the jump of the field at the interface 

(i.e., ), and  denotes the surface current density. Eq.(9) is also known as Gauss’s 
law for magnetism and states that no magnetic monopoles exist and suggests that B fields should be 

solenoidal (divergence-free).  

Substituting Eq.(7) into Eq.(9) leads to the definition of magnetic charge density, , in the 
material (per unit volume) which is given by 

                       (13) 

from the analogy to the description of the electric charge density in electrostatics, except for the 
absence of magnetic monopoles, which are analogous to unpaired electric charges. Although they 
have no physical existence, the concept of magnetic charges often provides a useful abstraction when 
understanding the behavior of a magnetized body (Figure 8).152 Eq.(10) is usually referred to as 

Ampere’s law and can also be expressed by using Eq.(7) as  

                    (14) 

where  denotes the free electric current density, along with the definition of the magnetization 
current density  given by 

                    (15) 

with the total current density given by the sum of two: . Eq.(14) requires H fields to be 

irrotational (curl-free) when there is no free current (i.e., ), while Eq.(15) allows the 
magnetization to be treated as a current.  



At the material surface, the magnetic surface charge density (per unit area), denoted by , can 
be defined from Eq.(13) as  

(16) 

while the boundary conditions for Eqs. (14) and (15) are given by 

(17) 

(18) 

where  denotes the free surface current density and  is the surface magnetization current 
density. Since the magnetization is zero outside the body (Figure 8a), which yields , the 

boundary conditions for a magnetized body given in Eqs.(16) and (18) can be simplified as 
 and , respectively. 

The H fields being irrotational in the absence of free electric currents from Eq.(14) implies that 

the magnetic scalar potential, denoted by , can be defined such that 

(19) 

from the vector identity, , which holds for any scalar field . Then, 
from Eqs.(13) and (19), it follows that the magnetic scalar potential  obeys Poisson’s equation: 

(20) 

which reduces to  for uniformly magnetized materials with no divergence ( ). 

Figure 8. Graphical representation of a uniformly magnetized body. (a) Uniformly magnetized cylinder with graphical 

representations of the surface magnetic charges ( ) and the magnetization currents ( ). (b) Magnetization (M), 

magnetostatic field ( ), and magnetic flux density ( ) of a uniformly magnetized spheroid, which represent the effect 
of a demagnetizing field inside the magnetized body.  

3.1.3. Magnetostatic and Demagnetizing Fields 
In the absence of magnetizable media (i.e., ), the externally applied magnetic field in empty 

space can be expressed as  from Eq.(7), with the subscript a used to denote the applied 
fields. When a magnetizable body is introduced into the space, it becomes magnetized by the 



externally applied field  to have the induced magnetization M inside the body. Then, it follows 

from Eq.(16) that positive and negative magnetic surface charges are induced on its top and bottom 
surfaces, respectively (Figure 8b). The surface charges induce another magnetic field, often termed 

the magnetostatic field and denoted by , originating from the positive charge at the top and 
terminating on the negative charge at the bottom. Then, the total magnetic field H can be expressed 

as  

                     (21) 

and from Eq.(7), the corresponding B field (magnetic flux density) becomes 

                        (22) 

with  inside the body and  outside the body and with  
everywhere. It is worth noting that because  from Eq.(9), that Eqs.(13) and 
(16) can be expressed in terms of the magnetostatic field  by simply replacing H with . 

In a uniformly magnetized body, the magnetostatic field  acts to oppose the magnetization M 

and hence reduces the overall magnetization (Figure 8b). For this reason, the magnetostatic field  

inside the body is often termed the demagnetizing field and is given by  

                    (23) 

where  denotes the demagnetizing tensor. When the coordinate frame is chosen such that the 
Cartesian axes are aligned with the principal axes of the magnetized body, the demagnetizing tensor 
becomes diagonal in the following matrix form:  

                    
 (24) 

where  represents the three eigenvalues that correspond to the demagnetizing factors 
associated with each of the principal axes. These demagnetizing factors obey the general constraint 

 which suggests that  when the body is of spherical shape due 
to symmetry. For an ellipsoidal body with axial symmetry (i.e., the spheroid in Figure 8b), the 

demagnetizing factors are further constrained by , with  denoting the 
demagnetizing factor along the axis of symmetry and  denoting the factors along the radial 
directions perpendicular to the symmetry axis.  

In an idealized sense, a magnetic body can be considered an assembly of magnetic moments that 
are subject to magnetostatic interactions with each other. Then, the mechanical work spent in 
building the body by assembling the elementary magnetic moments can be represented by the 
magnetostatic energy, which is determined by the spatial distribution of the magnetization and by 
the geometric shape of the magnetic body. The magnetostatic energy density (per unit volume) is 
defined by 

                   
 (25) 

which is calculated as  when the coordinate frame is aligned with 
the principal axes of the body. For isotropic (spherical) particles, the magnetostatic energy density 
can be expressed as  with M denoting the magnitude of the magnetization.  



3.2. Modeling of Magnetic Actuation 

3.2.1. Idealized Magnetic Constitutive Laws 

The constitutive law of a magnetic medium describes the material’s response to the magnetic field 
acting on it and can be stated in the form of either  or , with  denoting the field 
experienced by the material. In general, the constitutive laws for ferromagnetic materials can be quite 
complex when the magnetization process exhibits anisotropic, nonlinear, and hysteretic behavior. 
Therefore, to simplify the analysis without loss of generality, it is often practically more advantageous 
to idealize the constitutive laws for typical magnetic materials.  

In soft-magnetic materials, the induced magnetization is largely dependent on the applied field 
and hence the magnetization process should be taken into account when modeling their behavior. In 
the presence of magnetic anisotropy, the induced magnetization is dependent on the particle 
orientation and can occur in directions other than that of the applied magnetic field. Ideal soft-
magnetic materials are assumed to have no hysteresis (i.e., zero remanence and zero coercivity) as 
superparamagnetic particles (Figure 2c). In addition, at low fields below the saturating field, , 

the induced magnetization  in ideal soft-magnetic materials is assumed to increase linearly with 
the magnetic field  experienced by the material (Figure 9a), until it reaches the saturation 

magnitude (denoted  in Figure 9a). The constitutive law for such linearly magnetic materials can 

be stated as  

                   

 
 (26) 

where  denotes the magnetic susceptibility of the soft-magnetic particle under the applied field 
and  represents the saturation magnetization of the particle. It is worth noting that  is a 
dimensionless constant on the order of 103 to 106 for typical soft-magnetic materials. It is also worth 
noting that the graphical representation of the constitutive law for ideal soft-magnetic materials in 
Figure 9a shows the representative magnetization curve where both the induced magnetization  
and the applied magnetic field  point along the same direction.  

 
Figure 9. Idealized magnetic constitutive laws for soft-magnetic and hard-magnetic materials. (a) Ideal soft-magnetic 

materials are characterized by the linear relationship between the induced magnetization and the magnetic field with 
constant magnetic susceptibility before saturation and constant magnetization after saturation without magnetic hysteresis 
(zero remanence and coercivity). (b) Ideal hard-magnetic soft materials are characterized by large magnetic hysteresis (high 

remanence and coercivity) to maintain the remanence under an actuating field below the coercivity. 



In contrast to soft-magnetic materials, ideal hard-magnetic materials are considered to have strong 
hysteresis (i.e., high remanence and high coercivity). When hard-magnetic particles are magnetized 
to saturation, they can be regarded as small permanent magnets whose magnetic moments (or 
remanent magnetization) are independent of the actuating field below coercivity,  (Figure 9b). 

Thus, in the context of magnetic actuation, the constitutive law for ideal hard-magnetic materials 
can be expressed as 

                     for   ,  (27) 

where  is the remanent magnetization of the hard-magnetic particle after magnetization. The 
constitutive law for ideal hard-magnetic soft materials in Eq.(27) implies that there is no energy 
transformation related to the magnetization process taking place during actuation.  

3.2.2. Ideal Soft-Magnetic Materials 

3.2.2.1 Shape-Induced Magnetic Anisotropy 
The induced magnetization in soft-magnetic materials is largely dependent on the particle 

orientation due to the magnetic anisotropy and hence is not necessarily collinear with the applied 
magnetic field. Among the different causes of magnetic anisotropy, our focus here is on the shape-
induced anisotropy, which originates from the magnetostatic energy when the particles are not of 
spherical shape. Applying the relations given in Eqs.(21) and (23), the linear constitutive law for 
soft-magnetic particles in Eq.(26) (for ) can be written as 

                        (28) 

which can be rearranged and expressed as a function of the externally applied field  as   

                     (29) 

where I denotes the identity tensor and  is defined for convenience as the apparent magnetic 

susceptibility tensor,73 which relates the induced magnetization  in an anisotropic particle with the 
applied magnetic field . Then the idealized constitutive law for soft-magnetic particles can be 
expressed in terms of the applied field  as  

                   

 
 (30) 

with  denoting the applied field at which saturation takes place.  

For isotropic soft-magnetic particles of spherical shape, the apparent magnetic susceptibility tensor 

is given by , which makes the two vectors  (induced magnetization) and  
(applied magnetic field) collinear so as to produce no magnetic torques. For anisotropic (i.e., 
nonspherical) soft-magnetic particles, the susceptibility tensor  is largely dependent on the particle 
shape as well as its orientation and hence can be complicated in general. To simplify the analysis 
while illustrating the soft-magnetic characteristics without loss of generality, we can assume that the 
particles are of ellipsoidal shape, for which the demagnetizing factors are known to have tractable 
analytical expressions.153 To make the problem even simpler, we can further assume that the 
ellipsoidal particles have axial symmetry to be essentially spheroids (Figure 8b). There are two types 



of spheroids: prolate spheroids have symmetry around their long (i.e., easy) axes (Figure 10a), 
whereas oblate spheroids are symmetric around their short (i.e., hard) axes (Figure 10b). When the 

coordinate frame is chosen to be aligned with the principal axes of the spheroidal particle, such that 
its symmetry axis lies with the Cartesian basis  (Figure 10), the demagnetizing tensor  becomes 

diagonal as given in Eq.(24). Then, the apparent susceptibility tensor  also takes the diagonal 
matrix form, which is given by  

                     
 (31) 

with  denoting the magnetization factor along the symmetry axis of the spheroidal soft-
magnetic particle and  along the radial directions perpendicular to the symmetry axis 
under the constraint .  

 
Figure 10. Anisotropic soft-magnetic particles of spheroidal shape. (a) Prolate and (b) oblate spheroidal (ellipsoid with axis 
symmetry) soft-magnetic particles under externally applied magnetic fields (at an angle  relative to the symmetry axis) 
and the induced magnetization (at an angle  relative to the symmetry axis) that is not parallel to the applied field due to 
the presence of shape anisotropy. 

3.2.2.2 Induced Magnetization Direction 
When an actuating magnetic field  is applied to a spheroidal soft-magnetic particle at an angle 

 with respect to the particle’s axis of symmetry (Figure 10), the magnetization  is induced toward 

the long axis (i.e., easy axis), forming an angle  relative to the symmetry axis. Then, from Eqs.(29) 
and (31), it can be shown that the magnetization direction  is related to the field angle  by 

                       
 (32) 

where the approximation made can be considered reasonable because the magnetic susceptibility  
is typically very large ( ) for soft-magnetic materials. We know from Eq.(32) that the 
magnetization direction  for a given applied field at an angle  relative to the particle’s axis of 
symmetry is determined by the ratio of the demagnetization factors along the axial and radial 
directions ( ) at low fields before saturation (i.e., ).  

 At high fields beyond the saturating point (i.e., ), the magnetization direction  can 
be determined such that it minimizes the magnetic energy. The magnetostatic energy density due to 
the demagnetizing field can be expressed (per unit volume of the particle) as 



                   
 (33) 

from the definition given in Eq.(25), with  from Eq.(23) and the magnetization  
replaced by the saturation magnetization . For the given configuration in Figure 10, in which the 

principal axes of the spheroidal soft-magnetic particle are aligned with the coordinate frame to yield 
, the magnetostatic energy density can be calculated as 

                     
 (34) 

where  denotes the magnitude of the saturation magnetization vector. The magnetized 
particle under the applied field  possesses the magnetic potential energy density as well, 
expressed per unit volume and denoted by , which can be given from Eqs.(1) and (8) as  

                     (35) 

which holds for both the prolate and oblate spheroidal particle configurations in Figure 10. Then the 

total magnetic energy density is given by the sum of the magnetostatic energy density  in Eq.(34) 
and the magnetic potential energy density  in Eq. (35). Taking the derivative of this sum with 
respect to the magnetization direction , we know that the total magnetic energy density is 
minimized at  which satisfies the following transcendental equation:  

                       (36) 

When the applied field is strong enough, we know from Eq.(36) that the induced magnetization 
direction  in the saturated particle approaches the applied field direction  (i.e., ), if the 
particle is fixed not to rotate despite the influence of magnetic torque. 

3.2.2.3 Magnetic Torque on Anisotropic Particles 
The magnetic force and torque density (per unit volume) acting on a soft-magnetic particle with 

the induced magnetization  can be expressed in terms of the applied field  as   

                    (37) 

                    (38) 

with the bar symbol used to denote the force and torque density per unit volume, by replacing  
with  and  with  in Eqs.(4) to (6). Our focus here is on the modeling of the torque-driven 
actuation of soft-magnetic materials (Figure 4c,d). For the spheroidal soft-magnetic particle in Figure 
10, the torque density can be calculated as , where the induced 

magnetization  is given as a function of the applied field  in Eq.(30). 

Before saturation (i.e., ), the magnetic torque acting on the spheroidal particle per 
unit volume can be calculated using the apparent susceptibility tensor  given in Eq.(31) as 

                      
 (39) 

which can be simplified as  

                     
 (40) 



for typical soft-magnetic materials with high magnetic susceptibility  (e.g., ). From the 
equation above, we know that the magnetic torque on the particle is maximized at , when the 
actuating field (below the saturating field) is applied obliquely to the particle with an angle of 45° 
relative to the particle’s axis of symmetry (Figure 10). 

At high fields beyond the saturating field (i.e.,  ), the magnetic torque density on the 
saturated spheroidal particle in Figure 10 can be expressed as 

                      (41) 

with  denoting the magnetization direction in the saturated particle. Using the relation given in 
Eq.(36), the torque in Eq.(41) can be expressed equivalently as 

                   
 (42) 

Since the saturation magnetization  and the applied field  become collinear at sufficiently high 
fields (i.e., ), we can consider that the magnetic torque is maximized at  when the 
applied field strength is sufficiently high.  

It is worth noting that, even when the particles are not of exact spheroidal shape, practical 
approximation can be made to simplify the analysis. For example, rod-like particles and disk-like 
particles (Figure 4c) can be approximated as prolate spheroids (Figure 10a) and oblate spheroids 

(Figure 10b), respectively. When the aspect ratio (i.e., the ratio of the long and short axes) is large 

enough, the demagnetizing factors for rod-like particles (very slender prolate spheroids) can be 
approximated as  and , whereas those for disk-like particles (very flat oblate 
spheroids) can be approximated as  and .18 Then, for rod-like particles, the magnetic 
torque density before and after saturation can be approximated from Eqs.(39) and (42) as  

                       

 (43) 

Likewise, for disk-like soft-magnetic particles, the magnetic torque density can be expressed as 

                       

 (44) 

For both the rod-like and disk-like particles (Figure 4c), the magnetic torque is maximized when 

, with the long axes of the particle misaligned by 45° from the actuating field below the 
saturating field ( ). Before saturation takes place, it is evident from Eq.(32) that the 
magnetization is induced preferentially along the long dimension of the particles with high aspect 
ratios, with  for rod-like particles and  for disk-like particles. When the particles are 
saturated, we know from Eqs.(41) and (42) that the magnetic torque can still be maximized when 

, provided that the applied field is sufficiently high.  



It should be noted that the analysis above is the first-order approximation that holds for ideal 
soft-magnetic materials, which are assumed to have no hysteresis, even when the particles are of 
anisotropic shape, to suppress the highly nonlinear and complex nature of magnetic hysteresis. As 
discussed in Section 2.2.3, single-domain soft-magnetic particles of anisotropic shape with high aspect 

ratios (e.g., nanorods or nanowires) can exhibit hysteresis, which is more pronounced in particles 
with higher aspect ratios.78-81 These single-domain soft-magnetic particles with high aspect ratios can 
be reasonably considered to have hard-magnetic characteristics, in the context of magnetic actuation, 
as permanently magnetized particles. When compared with typical hard-magnetic particles, however, 
they can be more easily demagnetized or remagnetized by lower fields, because their coercivity is not 
as high as that of typical hard-magnetic materials. For these reasons, the use of anisotropic soft-
magnetic particles as distributed actuation sources has been limited mostly to small, thin features 
that require relatively weak magnetic torques for actuation. The fact that the coercivity of soft-
magnetic nanorods varies with their aspect ratios has recently been employed as a strategy for 
selective magnetic programming in microfabricated shape-morphing structures with patterned 
nanomagnet arrays80 (see Figure 21a). 

3.2.2.4 Chained Isotropic Soft-Magnetic Particles 
As discussed earlier, no magnetic torque is generated by a single isotropic (i.e., spherical) soft-

magnetic particle because the induced magnetization  (or the magnetic moment ) is always 
aligned with the applied field . Isotropic soft-magnetic particles can produce magnetic torques 
when they are connected and aligned to form chains to create magnetic anisotropy (Figure 4c,d).65-

67,108,109 To model the magnetic torque acting on the chained soft-magnetic particles, we consider a 
long chain of spherical particles (each of which has a diameter of ) under a uniform magnetic field 

 that is applied obliquely to the chain with an angle of  (Figure 11a). The dipole-dipole interaction 

between the neighboring particles causes the induced magnetization in each particle to form an angle 
 relative to the chain (Figure 11a), which can be determined such that it minimizes the magnetic 

energy, as was the case with spheroidal soft-magnetic particles.  

 
Figure 11. Modeling of the magnetic torque produced by chained soft-magnetic particles. (a) Isotropic (spherical) soft-
magnetic particles connected to form a chain. The chain of identical isotropic particles as a whole can be considered a rod-
like anisotropic particle that produces induced magnetization (at an angle  relative to the chain) under an applied uniform 
field (at an angle  relative to the chain) to generate the magnetic torque. (b) Magnetostatic interaction between two 

magnetic dipoles under the influence of their dipolar fields on each other. (c) Modeling the magnetostatic dipolar interaction 

of a particle in the chain with its neighboring particles on both sides at distances of d, 2d, …, nd under the assumption of 
a sufficiently long chain. 



We first consider the magnetostatic energy associated with building up the chain by bringing the 
magnetized particles, each of which in an idealized sense can be treated as a magnetic dipole (point-
like source), one after the other from infinity to their current position. A magnetic dipole with the 
magnetic moment m generates the dipolar field given by  

                     
 (45) 

at any position  from the dipole. When two magnetic dipoles with magnetic moments  and  
are separated by distance  (with the corresponding position vector ) as depicted in Figure 11b, 

their dipolar interaction energy (denoted ) is given by  

                  
 (46) 

from the magnetic potential energy (defined in Eq.(1)) of either dipole under the field produced by 
its counterpart. Within a long chain consisting of a great number of particles (Figure 11a), the dipolar 

interaction energy of each particle can be calculated by considering its interaction with the 
neighboring particles in both sides at distances of d, 2d, …, nd (Figure 11c) as 

                  
 (47) 

where m denotes the magnitude of the particle’s magnetic moment ( ). For sufficiently long 
chains ( ), Eq.(47) can be simplified as  

                   
 (48) 

using the fact that  for  (note: ).66 If the chain consists of N 
particles, the total dipolar interaction energy can be expressed as  

                  
 (49) 

Next, we consider the magnetic potential energy of the chained particles due to the externally 
applied field  which can be expressed from Eq.(1) as 

                   (50) 

Then, the magnetization direction  can be determined by finding  that minimizes the total 
magnetic energy. For the derivative of the sum of Eqs.(49) and (50) to be zero at , the following 
transcendental equation should be satisfied:  

                      (51) 

where the single particle’s magnetic moment  was replaced by the magnetization  (magnetic 
moment density) using the relation . When the particles are magnetically saturated (i.e., 

), the magnetization direction can be identified based on the material’s property  and the 
actuating field strength  and direction  from Eq.(51). Then the magnetic torque density acting 
on the chained particles per unit volume can be expressed as 



                    (52) 

It is worth noting that the individual isotropic particles in the chain can be considered each as an 
assembly of elementary magnetic moments as discussed in Section 3.1.3. As given in Eq.(25), the 

magnetostatic energy density for individual isotropic particles in the chain is , which, 
unlike that of an anisotropic particle given in Eq.(34), does not vary with the applied field direction 

 and remain constant even when the magnetization direction  changes. Therefore, the 
magnetostatic energy of individual particles does not contribute to the magnetic torque produced 
from the chained particles. This is why the magnetostatic energy of individual particles was not 
considered when deriving Eq.(51) for finding the magnetization direction  that minimizes the total 
magnetic energy of the chained particles.  

From the analysis above, we know that the behavior of chained soft-magnetic particles is close to 
that of anisotropic particles discussed earlier in terms of the magnetic torque produced under a 
uniform actuating field. This implies that the chained isotropic soft-magnetic particles can be 
approximated as a rod-like particle with a high aspect ratio, as can be compared from Eq.(43) and 
Eq.(52). It is also worth noting that the analysis and equations presented above can be applied to 
modeling of the magnetic torque produced by chained superparamagnetic nanoparticles.66,67  

3.2.3. Ideal Hard-magnetic Materials 

Ideal hard-magnetic materials are characterized by their remanent magnetization , which 
remains constant and independent of the applied field within the actuating field range below the 
coercivity (Figure 9b), as described in the constitutive law in Eq.(27). This implies that there is no 

energy transformation related to the magnetization process taking place during actuation. In other 
words, within the actuating field range below the coercivity, the magnetostatic energy plays no role 
in generating magnetic forces and torques. Therefore, the magnetic force and torque acting on a hard-
magnetic particle (Figure 5a,c) per unit volume can be expressed simply as   

                      (53) 

                     (54) 

by replacing m with  and B with  in Eqs.(4) and (5), respectively. It is worth 

emphasizing that the remanent magnetization  independent of the applied field  greatly 
simplifies the calculation of the magnetic force and torque for hard-magnetic soft materials. 

3.3. Continuum Mechanical Framework 

For magnetic soft materials and robots with one or a few rigid, finite-sized magnets attached to 
or incorporated in a deformable body (Figure 1a), the magnetic force and torque generated by the 

magnet can be considered a point load acting on the center of the magnet. For such discrete systems 
with simple geometry, theoretical models can be derived by considering the global force and moment 
balance of the structure to find its deformed configuration in static equilibrium.154 For continuous 
systems with dispersed magnetic particles in the polymer matrices (Figure 1b and Figure 5b,d), the 

composite can be treated as a homogenized continuum that exhibits both elastic and magnetic 
characteristics simultaneously (Figure 12a). Modeling of such continuous systems can be formulated 

in a continuum mechanical framework by considering the local force and moment balance that holds 
at every point of the composite.  



 
Figure 12. Continuum mechanical framework for magnetic soft materials. (a) Treatment of magnetic soft composites based 

on polymer matrices with filler particles as a homogeneous continuum with uniform magnetization for continuum 
mechanical approaches. (b) Kinematic relation for deformable solids in the continuum mechanical framework. 

When a continuum (denoted by ) deforms (Figure 12b), a material point  (denoted by ) on 

the body in its reference (undeformed) configuration is mapped to a spatial point  (denoted by ) 
on the deformed body (denoted by ) in the current configuration. The deformation of the body can 
be measured by the deformation gradient tensor  which is defined by  

                    
 (55) 

The deformation gradient is a linear transformation that maps the infinitesimal line elements  
and  between the reference and current configurations and hence serves as a primary measure of 
deformation. The determinant of the deformation gradient characterizes the change in volume during 
the deformation as  

                      (56) 

which is termed the volumetric Jacobian that relates the infinitesimal volume elements  and  in 
the reference and current configurations, respectively. 

For quasi-static equilibrium, the principle of linear momentum balance reduces to the force balance 
equation that holds for each point :  

                      (57) 

which is also known as Cauchy’s equilibrium equation, where  is the Cauchy stress, with  
denoting its spatial divergence with respect to the point , and  is the body force density (per unit 
volume of the continuum) exerted by the environment on  (including the gravitational body force). 
For a polar continuum with distributed body torque density  (per unit volume of the continuum), 
the balance of angular momentum reduces to the following moment balance: 

                     (58) 

where  is the third-order permutation tensor with  being the permutation 
(also known as Levi-Civita) symbol and the operator  denoting the tensor (dyadic) product.  is 
the transpose of the Cauchy stress tensor, and the operator  denotes the double contraction of the 
two tensors. When there is no body torque, Eq.(58) requires the Cauchy stress to be symmetric: 

. In the presence of body torques, however, the Cauchy stress may no longer be symmetric. 



The mechanical behavior of the composite matrix can be described by relevant constitutive models 
for hyperelastic solids, such as neo-Hookean, Mooney-Rivlin, Gent, and Arruda-Boyce models, to 
name a few. The material model defines the Helmholtz free energy per unit reference volume (also 
called the strain energy density), denoted by , as a function of the deformation gradient . For 
hyperelastic solids with no internal energy dissipation in isothermal conditions, the mechanical stress 
in the referential form can be directly obtained from the derivative of the Helmholtz free energy 
density as  

                    
 (59) 

which is termed the first Piola-Kirchhoff stress, or simply the Piola stress, which measures the force 
acting on the deformed material per unit reference (undeformed) area. The Piola stress is related to 
the Cauchy stress  (force per unit current area) by , which leads to  

                     
 (60) 

Substituting this into the equilibrium equation in Eq.(57) and solving it for the deformation gradient 
, typically through the finite element method with relevant boundary conditions taken into account, 

the deformed configuration of the material in equilibrium can be found. 

It should be noted that the magnetic force and torque densities calculated in Sections 3.2.2 and 

3.2.3 measure the force and torque on a single particle per unit volume of the particle. When they 

are multiplied by the particle’s volume fraction, denoted by , the magnetic body force and torque 
densities per unit volume of the composite can be obtained, under the assumption of homogeneous 
continua (Figure 12a) discussed above. Then, the magnetic body force and torque densities (per unit 

volume of the homogenized composite) can be substituted into Eqs. (57) and (58). 

4. Design, Fabrication, and Characterization  

Material design and fabrication schemes have been central to the development of magnetic soft 
materials and robots with complex shapes and sophisticated functions. Remarkable progress in the 
field has been made lately by actively adopting emerging fabrication techniques in additive 
manufacturing (Table 1). The technical developments have been focused on the incorporation of 

magnetic components into polymer matrices or flexible substrates and their alignment to achieve 
desired magnetization patterns or profiles within the composite structures across different scales. In 
the following sections, we discuss how the field of magnetic soft materials and robots has been 
evolving with advances in design and fabrication techniques.  

4.1. Optimal Design Strategies 

As discussed in the previous section on the modeling of magnetic actuation, magnetic soft materials 
can be considered essentially bending actuators driven by the magnetic torque. From a materials 
design perspective, it is worth discussing the strategies to optimize the performance of magnetic soft 
actuators. Our focus here is on the hard-magnetic soft materials, which provide simple and effective 
bending actuation. To achieve optimal actuation performance, a good balance between the 
mechanical resistance of the composite structure and the driving magnetic torque is required. For 
composites based on soft polymers with embedded hard-magnetic particles, both the mechanical and 
magnetic properties of the composite vary with particle volume fraction .  



For a uniformly magnetized homogeneous continuum (Figure 12a), we can assume that the 

magnetization of the composite  is proportional to the particle volume fraction  (Figure 13a):  

                    (61) 

where  represents the magnetization of an individual particle. The shear modulus of the filled 
composite, denoted by , increases nonlinearly with the particle concentration (Figure 13a). This 

nonlinear dependence can be expressed as 

                       
 (62) 

which is known as the Mooney model for spherical particles with  denoting the shear modulus of 
an unfilled elastomer.155 

For a beam made of hard-magnetic soft composite under small bending, the deflection of the beam, 
, due to the applied magnetic field  can be modeled with the following scaling relation:156  

                       
 (63) 

where  and  are the length and diameter (or thickness) of the beam, respectively, and  is the 
magnetization of the beam along its length direction. In Eq.(63), the dimensionless number , 
which represents the applied field B normalized by the material properties  and , characterizes 
the competition or balance between the magnetic interaction and the elasticity of the composite. 

 is the aspect ratio of the bending actuator that contributes to the structural bending stiffness. 
Substituting Eqs. (61) and (62) into Eq.(63), it can be analytically shown that the deflection is 
maximized when the particle volume fraction is around 20% ( ; Figure 13b). Although the 

scaling in Eq.(63) holds only for small deflection, it has been shown that the overall tendency and 
the optimal concentration to maximize the deflection hold true for large deformation as well.31  

 
Figure 13. Design optimization of magnetic composites based on soft polymers with embedded hard-magnetic particles. (a) 
Material properties (magnetization and shear modulus) of magnetic soft composites varying with the particle volume 



fraction. (b) Actuation performance of magnetic soft bending actuators in terms of the free-end deflection (normalized by 

the beam length L) and energy density varying with the particle volume fraction.  

When the actuation force is of greater importance than the large deflection under the given applied 
field B, the material design can be optimized in terms of the energy density to maximize the 
mechanical work that can be produced per unit volume during actuation. For hard-magnetic soft 
bending actuators with small deflection, the energy density (denoted by ) scales with31 

                     
 (64) 

Then, the optimal particle volume fraction that maximizes the energy density under the given 
conditions is calculated to be around 30% ( ; Figure 13b). 

From Eq.(63), we know that the geometric factor  (aspect ratio) also plays an important role 
in determining how much the beam would bend under the applied field B. This implies that fine 
features with high aspect ratios, such as magnetic cilia,109,157-161 would require significantly lower field 
strength to induce the bending actuation. It is worth noting, however, that such slender structures 
can be more susceptible to sagging due to gravity and their self-weight because of the small structural 
rigidity. The competition between the gravitational body force and the magnetic interaction can be 
characterized from the following scaling relation:  

                       
 (65) 

where  denotes the deflection of the beam due to gravity, with , g, and L denoting the mass density 
of the composite material, the gravitational acceleration, and the free length of the bending actuator, 
respectively. This can be derived from standard beam equations along with Eq.(63). 

4.2. Fabrication and Magnetic Programming 

4.2.1. Molding and Casting      

Molding and casting have been the most common fabrication method for conventional magnetic 
soft materials with relatively simple geometry, usually in the form of blocks or sheets (Figure 14a). 
When soft-magnetic or superparamagnetic soft materials are molded, chained microstructures can be 
introduced by applying a uniform magnetic field along the desired direction in which the chains are 
to be formed. Molding has also been used to fabricate magnetically responsive mechanical 
metamaterials based on 3D-printed lattice structures into which magnetorheological fluids or 
elastomers with soft-magnetic particles are injected to impart magnetic responsiveness.162,163  

When hard-magnetic soft materials are molded or cast into planar structures or flat beams, they 
are usually magnetized after curing on purpose for shape-programming. The fabricated (cured) 
composite with magnetizable hard-magnetic particles is first deformed into a desired temporary shape 
using a fixture or template and then magnetized to saturation by a strong magnetic field in the 
deformed state (Figure 14a and Table 1). This leads to nonuniform magnetization profile in the 

composite structure, which tends to revert to the programmed shape when an actuating field is 
applied (see examples in Figure 19, b to d).164-169 This template-aided magnetization and shape-

programming strategy is often useful for planar structures with relatively simple geometry. However, 
it should be noted that the programmed shape may not always be achievable (especially when the 



desired shape requires large deflection from the original shape). There often can exist some gap 
between the desired shape and the actual shape upon magnetic actuation, partly because the 
actuating field has an upper limit below the coercivity.  

Unlike other fabrication techniques based on additive manufacturing, which often require certain 
material properties (i.e., optical transparency of resins for light-based 3D printing or thixotropy of 
ink materials for extrusion-based 3D printing; see Section 4.2.2) for compatibility with their 

fabrication process, molding and casting are generally applicable to a wide range of elastomers and 
hydrogels with minimal material modifications. Contrary to the 3D printing techniques, which are 
often sensitive to the rheological properties of the ink materials, molding and casting can be used 
without the need to carefully tune the rheological properties. Therefore, molding and casting are 
most commonly used when developing new magnetic soft composites with unconventional 
functionalities by including additional components due to their wide applicability and procedural 
simplicity. For magnetorheological elastomers, as an example, adding a liquid phase such as glycerol-
based ferrofluids into the elastomer matrix has been shown to enable exceptional stiffening due to 
the enhanced mobility of the embedded soft-magnetic particles.170,171 For validation of such new 
materials and approaches, the uncured composites are usually molded into sheets to prepare testing 
samples with simple geometry. Similar examples of adding phase-changing materials in hard-magnetic 
soft materials to facilitate magnetic reprogramming (see Section 4.3) also utilized the simple molding 

and casting technique for sample preparation and fabrication.  

4.2.2. Additive Manufacturing      
Recent advances in additive manufacturing for soft materials have accelerated progress in the 

design and fabrication of magnetic soft materials and robots with more complex shapes and more 
sophisticated actuation and functions. Widely used additive manufacturing techniques such as 
extrusion-based 3D printing (e.g., direct ink writing156,172-174 and fused deposition modeling175,176) and 
light-based 3D printing177-180 have been adopted for fabricating different types of magnetic soft 
materials and robots (Figure 14b,c, and Table 1).  

4.2.2.1 Extrusion-Based 3D Printing 

Among different extrusion-based 3D printing techniques, our focus here is on direct ink writing 
which enables 3D printing of viscoelastic inks composed of uncured polymer resins and magnetic 
particles. By extrusion of the composite inks through deposition nozzles under applied pressure and 
arrangement of the deposited filaments in each layer, 2D or 3D structures can be fabricated in a 
layer-upon-layer fashion. For 3D-printed hard-magnetic soft materials, it has been shown that the 
magnetization pattern can be controlled at the filament level by applying weak magnetic fields during 
printing to align the magnetized particles in the printed composite fibers (Figure 14b).156 This 

technique has demonstrated its ability to fabricate magnetic soft materials with complex shape-
changing capabilities due to the intricate patterns of magnetic polarities in the printed structures, 
including mechanical metamaterials with negative Poisson’s ratios (see Section 6.1.2), and has 

recently been adopted for hard-magnetic shape memory polymers110 as well.  

For magnetic soft composites based on anisotropic filler particles, alignment of the particles is 
required to induce collective macroscale response of the printed structure, because the magnetic 
torque is dependent on the particle orientation relative to the actuating field direction (see Section 

3.2.2). For composite inks containing rod-shaped magnetic particles, the particles undergo shear-



induced alignment as the ink flows through the printing nozzle,181-184 and hence the alignment can be 
obtained naturally while printing. For disk-shaped particles (e.g., alumina platelets coated with iron 
oxide nanoparticles185,186), it has been shown that the particles can be aligned while printing under a 
weak rotating magnetic field.172 It is worth noting that the aligned anisotropic particles lead to 
mechanical anisotropy with increased stiffness along the aligned particles.81,182,185 

To use the direct ink writing method, the composite ink should possess thixotropic properties, 
meaning that the material should maintain a stable form at rest but become a fluid that can flow 
when agitated by externally applied stresses. In most cases, the un-cross-linked or uncured polymer 
base resin mixed with magnetic particles can be considered a Newtonian fluid,172 a viscous but freely 
flowing fluid with a constant viscosity, unless it is heavily loaded with the particles (e.g., ). 
Therefore, rheological modifiers such as fumed silica nanoparticles (for silicone elastomers) or 
nanoclays such as Laponite (for hydrogels) are often added to impart desired ink properties such as 
shear thinning and shear yielding to ensure that the composite ink can be extruded easily through 
the nozzle when pressurized and that the deposited inks maintain their shapes even when stacked up 
to multiple layers.187,188 For hard-magnetic composite inks, it has also been shown that the ink 
materials can exhibit thixotropic properties when the embedded hard-magnetic particles are 
magnetized,31,189 even without the addition of rheological modifiers, and hence become printable for 
the extrusion-based processes. For soft-magnetic composite inks, it has been shown that the capillary 
forces between the liquid phase (uncured polymer resin) and the solid phase (polymer beads encasing 
magnetic particles) due to wetting (solid beads connected to each other by binding liquid) can provide 
thixotropic properties190,191 to obtain printability for direct ink writing without rheological 
modification.173,192  

 



Figure 14. Fabrication and magnetic shape-programming methods for magnetic soft materials. (a) Molding and casting for 
fabrication and templated-assisted magnetization for shape programming to obtain a nonuniform magnetization profile.166 
(b) Extrusion-based 3D printing of magnetic composites containing magnetized particles that can be reoriented by the 
applied magnetic field during the printing process to program desired magnetization patterns in the printed structure.156 
(c) Light-based 3D printing or UV photolithography of magnetic composites based on photocurable resins mixed with 
magnetic particles, which can be aligned to form chains along the applied field direction during the UV curing process to 
create desired magnetization patterns in the printed structure.178 (d) Fabrication of micropillar arrays193 or microscale 
building blocks194 through molding of magnetic soft composites using microfabricated molds. Microscale building blocks 
based on hard-magnetic composites can be magnetized and assembled into 3D structures capable of programmed shape 
changes under applied magnetic fields due to the designed magnetization patterns.194   

4.2.2.2 Light-Based 3D Printing  
In addition to extrusion-based methods, light-based 3D printing techniques have also been used 

to fabricate magnetic soft materials and robots. Light-based 3D printing uses photopolymerizable or 
photocurable polymer resins that can solidify upon the application of patterned ultraviolet (UV) light 
or focused laser light, and this light-based 3D printing includes stereolithography (SLA) and 
continuous liquid interface production (CLIP)195 techniques. SLA 3D printing based on digital light 
processing (DLP) has been adopted for fabrication of hard-magnetic and soft-magnetic soft materials 
by coupling a permanent magnet178 or electromagnetic coils177 beneath or around the printing platform 
to control the alignment of the embedded magnetized or magnetizable particles while selectively 
curing the photopolymer resin using patterned UV light (Figure 14c). This DLP-based 3D printing 

is similar to UV photolithography (see Section 4.2.3) in terms of the fabrication process when printing 

2D (single-layer) structures. BothSLA/DLP 3D printing and CLIP 3D printing have been adopted 
to fabricate flexible magnetic actuators and grippers using 3D-printed isotropic superparamagnetic 
soft composites based on photopolymerizable materials containing uniformly dispersed iron oxide 
nanoparticles.179,180,196  

When compared with the direct ink writing method discussed above, where the programmed 
magnetization patterns lie on the printing plane onto which the inks are deposited (Figure 14b), the 

light-based 3D printing methods provide greater degrees of freedom in terms of the achievable 
magnetization direction in printed structures (i.e., 3D magnetization patterns in printed 2D or 3D 
structures), allowing for programming complex shape changes in hard-magnetic soft materials (Figure 

14c). However, the maximum thickness of UV-curable layer (i.e., cure depth) is limited because the 

photocurable resin containing light-absorbing magnetic particles is no longer optically transparent, 
with the UV penetration depth decreasing rapidly with the particle concentration. For example, the 
cure depth is below 200 μm when the concentration of Nd2Fe14B microparticles is 50% by mass 
(around 13% by volume) or below 100 μm when the concentration is 60% by mass (around 18% by 
volume),178 which may potentially affect the scalability of the light-based 3D printing techniques for 
magnetic soft materials due to the limited processable layer thickness.  

4.2.3. Microfabrication and Microassembly 

The above-mentioned additive manufacturing techniques are mostly limited to millimeter or 
centimeter scales in terms of the typical feature size. For fabricating small-scale magnetic soft 
materials in size of tens or hundreds of micrometers, different types of microfabrication techniques 
have been adopted. To realize magnetically controlled microgrippers197 or micropillar or microplate 
arrays157,193,198,199 using magnetic soft materials, microscale molding and casting has been used. For 



this, microfabrication techniques such as photolithography or femtosecond laser writing have been 
used to prepare micromolds, into which uncured composite mixture is poured, followed by curing 
and demolding processes (Figure 14d).  

UV photolithography has been used to fabricate small-scale magnetic soft materials and robots 
based on poly(ethylene glycol) diacrylate (PEGDA) hydrogels and superparamagnetic (iron oxide) 
nanoparticles. The superparamagnetic nanoparticles are chained and aligned by externally applied 
magnetic fields while the photocurable pregel solution is selectively cross-linked through patterned 
(either masked or digitally modulated) UV light to inscribe desired magnetic or mechanical 
anisotropy patterns in the fabricated structures for actuation purposes.67,200,201 As mentioned earlier, 
it is worth noting that maskless photolithography based on digitally modulated patterned UV light67 
is similar to the DLP-based 3D printing (Figure 14c) in terms of their working principles for magnetic 

programming. Standard photolithography has shown that fabricated microcubes can build 
magnetically reconfigurable microstructures that are capable of self-assembly under externally 
applied fields, when the microcube building blocks are coated with thin layers of cobalt to impart 
magnetic responsiveness.202,203 Electron-beam lithography has also been used to fabricate magnetically 
controlled microstructures with complex shape-changing capabilities by depositing micropatterned 
arrays of nanoscale magnets (e.g., single-domain cobalt with anisotropic shape) onto flexible 
structures with microfabricated hinges.80 

The two-photon polymerization technique, also known as direct laser writing,204 has been widely 
used to fabricate helical microstructures that can be driven magnetically for drug or cell delivery 
purposes.205-210 However, despite the unique advantage of two-photon polymerization among other 
microfabrication techniques in terms of the ability to produce complex 3D microstructures, the 
technique has demonstrated limited applicability to the fabrication of shape-shifting magnetic soft 
materials and robots, possibly because of the incompatibility of the opaque composite mixture with 
the two-photon polymerization process beyond a certain size limit. Instead, the technique has been 
used to fabricate micromolds for tiny building blocks of magnetic soft materials, which can be 
manually assembled under a microscope to build 3D structures with 3D magnetization patterns 
(Figure 14d),194 similarly to large-scale assembly of magnetic building blocks to realize 3D shapes or 

magnetization patterns.211-213 Lacking an automated workflow, however, the microassembly process 
based on micromolding, magnetization, and manual assembly of the building blocks piece by piece 
to build 3D objects can be labor-intensive and hence is not likely scalable. Thus far, to the best of 
our knowledge, there is currently no automated fabrication technique to realize small-scale magnetic 
soft materials and robots in fully 3D shapes with 3D magnetization patterns to achieve complex 
transformation, which will be an important area of research and development for next-generation 
magnetic soft robots with more advanced and sophisticated functions.  

4.3. Magnetic Reprogramming Strategies 

As discussed earlier in Sections 2.2.2 and 3.2.1, the high coercivity of typical hard-magnetic 

materials used for magnetic soft composites allows them to be stable and reliable sources of torque-
driven magnetic actuation within the actuating field range below the coercivity (Figure 9b). This 

also means, however, that it is not easy to reprogram the magnetization pattern of hard-magnetic 
soft materials. For example, common hard-magnetic materials of rare-earth type (e.g., NdFeB and 
SmCo; see Section 2.2.2) require strong magnetizing fields due to their high coercivity values.  



Different strategies have been proposed to enable facile reprogramming of the magnetization 
patterns of hard-magnetic soft materials. One strategy is to use magnetic materials with relatively 
low Curie temperature, above which the material loses its remanent magnetization. Such materials 
include chromium dioxide (CrO2), the Curie point of which is around 118 °C, which is far lower than 
that of typical magnetic materials (e.g., iron, nickel, and cobalt) that ranges from 300 to 1200 °C. It 
has been shown that magnetic soft composites based on CrO2 can be readily demagnetized through 
either global heating or localized laser heating and then remagnetized upon cooling while applying 
an external magnetic field.214,215 It has also been shown that the demagnetization and remagnetization 
can be done in a spatially selective manner by applying a focused laser beam for localized heating 
(Figure 15a) to create intricate 3D magnetization patterns in planar structures.215 Magnetic materials 

with low Curie temperature such as CrO2, however, have in general relatively low remanence and 
coercivity as well, which can limit the actuation performance. Microparticles of CrO2 microparticles 
(~10 μm) have the remanence of around 75 kAm–1 (8 times lower than that of NdFeB particles of 
similar size) and the coercivity of around 50 mT (12 times lower than that of NdFeB particles of 
similar size),214 and hence the maximum magnetic torque density can be substantially lower (i.e., 96 
times) than that of NdFeB microparticles of similar size. 

 
Figure 15. Head-assisted magnetic reprogramming strategies for hard-magnetic soft materials. (a) Magnetic materials with 
low Curie temperature (above which the material loses its remanent magnetization) can be easily demagnetized upon global 
heating or localized laser heating above the Curie point and then remagnetized by an externally applied magnetic field 
during cooling.215 (b) Hard-magnetic particles encapsulated in phase-change materials with low melting temperature can 

temporarily move and rotate when heated above the melting point to reorient themselves along the applied field during 
the heating process. Upon cooling, the reoriented particles are immobilized within the solidified phase-change material to 
yield a newly programmed magnetization direction in the composite.216,217 

Another heat-assisted reprogramming strategy for hard-magnetic soft materials is to use phase-
change materials with relatively low melting temperature, such as poly(ethylene glycol) (PEG)216 or 
polycaprolactone (PCL),217 to encapsulate the magnetized particles incorporated in the elastomer 
matrix (Figure 15b). Below the melting temperature, which is around 60 °C for PEG and PCL, the 

particles are enclosed and fixed within the solid PEG or PCL. When heated above the melting point, 
through either global heating or localized laser heating, the particles enclosed in the molten (i.e., 
liquid) PEG or PCL can temporarily move and reorient when an external magnetic field is applied 
simultaneously during heating.216,217 Upon cooling, the reoriented particles are immobilized within the 
solidified PEG or PCL, yielding a newly programmed magnetization direction in the composite 
matrix (Figure 15b). Allowing the use of magnetized particles with high remanence and coercivity, 

this reprogramming method based on solid-liquid phase transition would not inherently sacrifice the 



actuation performance of hard-magnetic soft composites in terms of the torque density. It is likely, 
however, that the increase in the average size of particulate fillers due to the inclusion of the meltable 
solid phase (i.e., the phase-changing beads encasing the magnetic particles) in an elastomer matrix 
may affect the mechanical properties and behavior of the composite,218,219 such as more pronounced 
softening after stretching due to the Mullins effect.220     

Table 1. Comparison of Representative Fabrication and Programming Methods for Magnetic Soft Materials and Robots. 

Fabrication Material Composition Magnetization Programming Shape Magnetization Scale Resolution Refs 

Molding 
and casting 

Hard-magnetic (NdFeB) 
microparticles uniformly dispersed 
in silicone elastomers 

Template-assisted magnetization 
of composite while deformed into 
temporary shapes 

2D Continuous, 
3D 

5~100 mm ~0.5 mm 164-
166 

Extrusion-
based 3D 
printing 

Hard-magnetic (NdFeB) 
microparticles uniformly dispersed 
in silicone elastomers 

In situ alignment of magnetized 
particles in printed fibers while 
depositing composite inks 

3D Discrete, 2D 10~100 mm ~100 μm 156 

Light-based 
3D printing  

Hard-magnetic (NdFeB) 
microparticles chained and aligned 
in photocurable elastomers 

In situ alignment of magnetized 
particles in printed areas while 
curing with patterned UV light 

2D Discrete, 3D 2~10 mm ~100 μm 178 

Micro-
molding and 
assembly 

Hard-magnetic (NdFeB) 
microparticles uniformly dispersed 
in silicone elastomers 

Assembly of microscale building 
blocks made of magnetized 
composite into 3D structures 

3D Discrete, 3D 0.5~5 mm ~50 μm 194 

UV photo-
lithography  

Superparamagnetic (iron oxide) 
nanoparticles aligned in 
photocurable hydrogels 

In situ chain formation and 
alignment of particles in while 
curing with patterned UV light 

2D Discrete, 3D 50~500 μm ~1.5 μm  67,200
,201 

Electron-
beam 
lithography 

Single-domain anisotropic 
nanomagnets (cobalt) aligned on 
thin, flexible silicon substrates 

Patterning arrays of nanomagnets 
with different aspect ratios and 
selective magnetization 

2D Discrete, 2D 10~100 μm ~0.1 μm 80 

  

4.4. Characterization Methods           

4.4.1. Magnetic Characterization     

Magnetic properties of composite samples can be measured using different magnetometry 
techniques. One of the most common ways to measure the magnetization properties of a sample is 
using a vibrating sample magnetometer (VSM).221,222 In typical VSM settings, a magnetizable or 
already magnetized sample is placed in a spatially uniform magnetic field between a pair of 
electromagnets and then vibrated perpendicularly to the applied field at a prescribed frequency and 
amplitude (Figure 16a). The vibrating motion (usually vertical) of the magnetized sample causes the 

magnetic flux entering the pickup coil to change, which in turn creates an induced voltage in the coil 
that is proportional to the sample’s magnetic moment. By measuring the induced voltage while 
varying the applied field strength over a range, the hysteresis curve can be obtained for ferromagnetic 
materials. For already magnetized samples, the measurement should be performed under weak 
magnetic fields to ensure that the sample’s remanent magnetization remains unaffected by the applied 
field. It is also worth noting that the sample’s orientation  matters when characterizing samples with 
anisotropic soft-magnetic particles or magnetized hard-magnetic particles, because what is measured 
from the VSM is the component of the sample’s magnetic moment vector, which is perpendicular to 
the pickup coil.156 For small-scale samples, which require higher sensitivity in measurement, more 



recent characterization methods, such as using a superconducting quantum interference device 
(SQUID), can be used.80,221,223 SQUID magnetometers allow the measurement of the sample’s 
magnetization as a function of temperature as well as the applied magnetic field.223 Characterization 
of even smaller magnetic materials such as nanomagnet arrays79,80,224 requires optical magnetometry 
techniques based on the magneto-optical Kerr effect, which describes the changes to polarized light 
when it is reflected from a magnetized surface.225  Magneto-optical sensors can also be useful when 
visualizing the complex magnetization patterns programmed in hard-magnetic soft materials with 
planar geometry (see Figure 22f).178,215 

 
Figure 16. (a) Magnetic characterization of magnetic materials using a vibrating sample magnetometer (VSM) and (b) 
mechanical characterization of elastomeric composites through tensile testing, where the obtained stress-strain curve can 
be fitted with hyperelastic constitutive models such as Gent or neo-Hookean models. 

4.4.2. Mechanical Characterization      

Mechanical properties of magnetic soft materials are as important as their magnetic properties in 
determining the performance and characteristics of the magnetically driven soft actuators. Our focus 
here is primarily on the mechanical response of the magnetic soft composite at zero field (i.e., purely 
mechanical response). For magneto-mechanical characterization of the field-induced stiffening of 
traditional magnetorheological elastomers, the reader is encouraged to consult other reviews more 
specifically focused on magnetorheological elastomers and gels.226-230 As mentioned earlier in Section 

3.3, the mechanical response of magnetic soft composites can be described by hyperelastic constitutive 

models. The neo-Hookean model provides the simplest form of strain energy density (Helmholtz free 
energy per unit reference volume) function, which for isotropic and incompressible ( ) solids is 
given by 

                    
 (66) 

where G is the shear modulus of the material and  is the trace of the right Cauchy-
Green tensor . It is worth noting that most rubber-like materials can be reasonably considered 
to be incompressible because their bulk modulus values are typically orders of magnitude greater 
than their shear modulus values.231 For incompressible solids, the constitutive equation in Eq.(60) is 
modified with the additional constraint of incompressibility taken into account as 

                    
 (67) 



where  is often termed the hydrostatic pressure, a scalar quantity that can be determined from the 
equilibrium equations and the boundary conditions. Substituting Eq.(66) into Eq.(67) gives the 
following form of the Cauchy stress for incompressible neo-Hookean solids: 

                     (68) 

Under uniaxial loading, the deformation gradient  can be expressed in terms of the principle 
stretches as . With the incompressibility constraint ( ), 
the deformation gradient tensor can be expressed in the matrix form as 

                    
 (69) 

with  and . Then, from Eqs.(68) and (69), each component of the Cauchy stress 
is calculated as  and . With the traction-free boundary condition 

, which gives , the true tensile stress can then be expressed as  

                    
 (70) 

which measures the true stress (force per unit current area) in the elongated specimen. In practice, 
the engineering or nominal stress, which characterizes the force per unit reference (undeformed) area, 
is easier to measure. From the relation between the Piola stress and the Cauchy stress in Eqs.(59) 
and (60) (i.e., ), the engineering tensile stress can be expressed as 

                    
 (71) 

By fitting the experimentally obtained stress-stretch curve with Eq.(71), one can find the shear 
modulus of the material that is assumed to be an incompressible neo-Hookean hyperelastic solid 
(Figure 16b). In general, the neo-Hookean model captures the experimental data reasonably well for 

relatively small deformation (i.e., ). At higher stretch levels, the neo-Hookean fails to predict 
the stiffening behavior that is observed in most rubber-like materials, and therefore other hyperelastic 
models (e.g., Gent, Mooney-Rivlin, Ogden, etc.) should be used along with additional fitting 
parameters. Given that the local maximum strain is typically around 30% (i.e., ) even for 
large bending, it is reasonable to use the neo-Hookean model to find the material property (i.e., shear 
modulus ) when characterizing the mechanical response of magnetic soft bending actuators. It is 
worth noting that, for magnetic soft materials with mechanical anisotropy due to the aligned 
anisotropic particles, the strain energy density function should be chosen accordingly to account for 
their anisotropic mechanical response. Such anisotropic composites with directional mechanical 
properties can be regarded as transversely isotropic materials in general and treated similarly as 
fiber-reinforced composite materials in their modeling and characterization.81  

5. Magnetic Actuation and Manipulation Platforms  

Magnetic actuation utilizes torques and forces generated from the embedded magnetic particles 
under an applied magnetic field and therefore requires an external magnetic source that generates 
the actuating field. Manipulation of magnetic soft materials and robots can be achieved through the 



spatiotemporal control of the actuating magnetic field. Magnetic actuation and manipulation 
platforms can be categorized into different groups depending on the type of magnetic sources 
(permanent magnet or electromagnets) and their configuration (single, paired, or multiaxial), the 
characteristics of the actuating fields (spatially uniform or nonuniform, static or time-varying), and 
the mobility of the magnetic source (moving or stationary). In the following sections, we discuss some 
of the common types of magnetic actuation platforms that have been proposed for manipulation and 
control of magnetic objects in space for different applications.    

5.1. Platforms Based on Permanent Magnets 

One of the advantages of using a permanent magnet comes from the fact that it can give rise by 
itself to a static and relatively strong magnetic field in outer space. Contrary to electromagnets with 
current-carrying coils, which are subject to heat loss, permanent magnets do not experience heat loss 
and hence are generally more energy-efficient than electromagnets in generating magnetic fields of 
the same strength. Typical electromagnets are based on stacking multiple coils around a highly 
permeable soft-magnetic core to concentrate the magnetic flux. Even in the presence of a core, 
however, the field of a permanent magnet can in general exceed that of an electromagnet of the same 
size by up to an order of magnitude.232 

For this reason, a single permanent magnet has been commonly used to actuate magnetic soft 
materials and robots as well as rigid magnetic objects or devices in different forms (e.g., pills or 
capsules). Magnetic manipulation can be achieved through spatial positioning of the actuating 
magnet while changing the position and orientation of the magnet relative to the object being 
manipulated. It is not uncommon to see a hand-held magnet being used to manipulate small magnetic 
objects in the literature, usually for validation of the proposed concepts or devices, for different 
applications such as capsule endoscopy,233-237 therapeutic delivery,60,131,238 endovascular navigation,31 
and other general soft robotic applications.156,194 For more precise and reliable manipulation, it is also 
common to use a serial robot arm manipulator with multiple degrees of freedom (DOFs) to carry the 
actuating magnet and place it around the object being manipulated (Figure 17a). While in early days 

heavy and bulky industrial robot manipulators were employed,239-247 recently more compact and 
lightweight robot arms have been used for magnetic manipulation in medical applications.248-250  

A single permanent magnet, however, produces spatially nonuniform magnetic fields, and the 
presence of field gradients gives rise to the magnetic force as well as the magnetic torque acting on 
the object being manipulated (Figure 17b). The coupled interaction of magnetic force and torque, 

along with the complex geometry of the magnetic fields that depends on the shape of the magnet, 
make it nontrivial or rather difficult to precisely manipulate magnetic objects in many cases. One 
way to mitigate the geometrical complexity is to make the field symmetric by choosing an actuating 
magnet of simple symmetrical shape (e.g., cylindrical or spherical) with its remanent magnetization 
along the axis of symmetry. Then, the rotation of the magnet around its symmetry axis causes no 
change in the actuating magnetic field, which effectively reduces the DOFs involved in the 
manipulation of the magnet to 5 (3 for translations and 2 for rotations). Accordingly, for an 
untethered magnetic object (e.g., a magnetic capsule or pill containing a small magnet) with uniform 
magnetization in an unrestricted workspace, the number of DOFs that can be controlled by a single 
actuating magnet is at most five.243,251 The reduction of the effective DOFs due to the symmetry of 
the actuating magnet is equivalent to having kinematic redundancy when using a serial robot arm 
to spatially manipulate the magnet. This allows for more flexible operation of the robot arm when 



controlling a magnetic body through spatial positioning of the actuating magnet while avoiding 
collision with surrounding obstacles and other constraints such as kinematic singularity and joint 
limits.  

 
Figure 17. Magnetic actuation and manipulation platforms based on permanent magnets. (a) Multi-DOF serial robot 

manipulators with a single actuating magnet attached at the end for steering untethered or tethered magnetic devices. (b) 
Magnetic torque and force on a hard-magnetic object in spatially nonuniform fields from a single actuating magnet. (c) 
Stereotaxis Niobe and Genesis platforms based on a pair of large permanent magnets for steering magnetic catheters by 
changing the applied field direction through synchronous pivoting of the actuating magnets. Panel (a) reproduced with 

permission from refs 243 and 249. Copyright 2016 SAGE Publications and 2019 American Association for the Advancement 
of Science.  

In addition to having symmetry in the actuating field, magnetic manipulation can be further 
simplified by effectively decoupling the magnetic torque and force acting on the magnetic object  by 
design. We know from Eq.(4) that the magnetic force can be suppressed by minimizing the effect of 
field gradients while reducing the strength of the object’s magnetic moment. When the magnetic 
object is sufficiently smaller than the actuating magnet and manipulated at sufficiently large distance 
from the magnet, the field gradients become substantially weaker due to the nature of the dipole 
field,252 for which the field gradient decays rapidly with the distance from the source (i.e., inversely 
proportional to the fourth power).17 Furthermore, by reducing the strength of the magnetic moment 
through dispersing small magnetic particles instead of embedding finite-sized permanent magnets, 
magnetic forces acting on the object can be suppressed. It has been shown, for example, that sub-
millimeter-scale soft continuum robots based on hard-magnetic soft materials can be steered easily 



and intuitively with a single magnet.31,253 By design, such continuum devices with uniformly 
distributed magnetic particles have much diluted magnetization across the device, whereas 
conventional magnet-tipped devices, which contain one or a few embedded magnets, have highly 
concentrated and localized magnetic moments. Because the magnetic force always tends to attract 
the embedded magnets toward the actuating magnet (Figure 17b), steering control of the magnet-

tipped devices using a single magnet can be easily complicated by the coupled interaction from the 
magnetic torques and forces. By contrast, the continuum devices based on hard-magnetic soft 
materials can utilize the magnetic torque as the primary source of actuation in steering control while 
experiencing negligible influence from the magnetic force. 

For purely torque-based actuation and manipulation, spatially uniform magnetic fields can be 
created when two permanent magnets are configured in such a way that their opposite poles face 
each other. Commercially available magnetic actuation platforms based on spatially uniform fields 
include the Niobe and Genesis systems (Stereotaxis Inc.), which use a pair of large permanent 
magnets (Figure 17c). These systems have been used mostly for cardiac electrophysiology to treat 

heart arrhythmia using magnetic ablation catheters with a few rigid magnets incorporated in the 
distal portion for steering purposes.26,28 By synchronously rotating the two actuating magnets, each 
around its pivot inside the casing, these magnetic actuation platforms can create relatively uniform 
magnetic fields of 80-100 mT in any direction in the workspace between the magnets and hence 
enable force-free, intuitive steering control of the magnetic catheters (Figure 17c).28,254-257 

5.2. Platforms Based on Electromagnets 

While current-carrying coils are generally less energy-efficient in producing magnetic fields than 
permanent magnets, magnetic actuation platforms based on electromagnets offer several benefits that 
make them preferable to permanent magnets in many practical applications. Electromagnets provide 
a larger design space, with a variety of possible configurations of multiaxial coils, and a larger control 
space as well due to the ability to quickly turn on and off each coil or reverse the magnetic polarities 
of the individual coils to create complex (rotating or oscillating) fields without the need to move the 
set of coils physically. Furthermore, magnetic actuation platforms based on electromagnets can be 
designed to provide the capability to control both the magnetic force and torque either independently 
or simultaneously,154,258,259 to enable more flexible and sophisticated manipulation of magnetic objects 
within the workspace. To date, numerous types of magnetic actuation and manipulation systems 
based on electromagnets have been developed, which vary in the shape, number, and configuration 
of the current-carrying coils. According to the classification used by Abbott et al.,258 magnetic 
actuation and manipulation platforms based on electromagnets can be categorized into magnetically 
orthogonal systems or magnetically nonorthogonal systems.  

5.2.1. Magnetically Orthogonal Systems     

Magnetically orthogonal systems utilize special types of electromagnets, based on either circular 
or saddle coils arranged in pairs, which are designed to produce spatially uniform fields or constant 
field gradients in the workspace. When two identical circular coils are separated coaxially by a 
distance equal to their radius r and carry equal currents in the same direction, the field produced 
between the two coils in the axial direction ( -axis) is nearly uniform (Figure 18a). This is known as 

the Helmholtz coil configuration, and a pair of coils in such an arrangement is commonly called a 
Helmholtz coil-pair.260 The magnitude of the uniform field is proportional to the current strength  



and inversely proportional to the radius  (i.e., ), and a Helmholtz coil-pair can be used to 
apply a uniform torque on a magnetic object in the workspace. When the two circular coils are 
separated further by a distance  and carry equal currents in the opposite direction (Figure 18b), 

the pair of coils can generate a nearly constant field gradient in the axial direction ( ), the 
magnitude of which is proportional to the current i and inversely proportional to the square of the 
radius  (i.e., ). Such an arrangement is called the Maxwell coil configuration,261 which 
can be used to apply a uniform force on a magnetic object in the workspace. These circular coil-pairs 
are easy to construct and offer good accessibility to the workspace of cylindrical shape.  

 
Figure 18. Magnetic actuation and manipulation platforms based on orthogonally arranged or specially shaped 

electromagnetic coils. (a) Helmholtz and (b) Maxwell coil pairs for creating a uniform axial field (Helmholtz) or field 

gradient (Maxwell). Saddle-shaped coil pair for creating (c) a uniform transverse field or (d) a constant transverse field 

gradient depending on the direction of currents. (e) Golay coil configuration based on two saddle coil pairs for creating a 

constant transverse gradient of the axial magnetic field. (f) Nested Helmholtz coils in mutually orthogonal triaxial 

configuration for creating uniform actuating fields in three different directions. (g) Combination of different coil-pair types 

for multi-DOF magnetic manipulation based on magnetic torques and forces in a cylindrical workspace. 

When it is desired to have an actuating magnetic field perpendicular to the symmetry axis of the 
cylindrical workspace, a pair of saddle-shaped coils can be used. In the saddle coil-pair system, two 
saddle-shaped coils that are confined to a thin cylindrical shell (i.e., coils wound on the surface of a 
cylinder) carry equal currents either in the same (parallel) direction to produce a uniform field (Figure 

18c) or in the opposite (antiparallel) direction to produce a uniform field gradient (Figure 18d).262 It 

is worth noting, however, that the symmetry of the actuating field can be reduced with the saddle 
coil-pair system, when compared with the circular coil-pair system.263 When two saddle coil-pairs are 
aligned to have a common symmetry axis of the arcs, forming a specific configuration called Golay 
or double-saddle coils (Figure 18e),261,264 a uniform field gradient can be generated in the transverse 

direction (  or ) depending on their orientation. 



To increase the controllable DOFs, Helmholtz or Maxwell coil pairs can be nested in a mutually 
orthogonal fashion such that the symmetry axes of the coil pairs intersect at the common center 
(Figure 18f),265-268 where each coil pair independently produces a uniform field (Helmholtz) or field 

gradient (Maxwell) along its axial direction. For example, one or two Maxwell coil pairs can be 
incorporated into a triaxial Helmholtz coil system to apply forces in one or two directions in addition 
to torques in three directions on a magnetic object in the workspace.269,270 However, the available 
workspace for such orthogonally nested coil pairs is constrained to the workspace of the innermost 
(smallest) coil pair, which often leads to the scalability issue,259 given that both the field strength 
( ) and the field gradient ( ) decrease as the coil radius r increases under the same current 
strength. When saddle coil pairs are combined with circular Helmholtz and Maxwell coil pairs, a 
spatially more compact system with a cylindrical workspace (Figure 18g) can be designed to enable 

multi-DOF magnetic manipulation.271-275 Lacking soft-magnetic cores, however, magnetically 
orthogonal systems based on nested Helmholtz/Maxwell or saddle coil pairs are usually suitable for 
applications with relatively small workspace. This is because the generated field strength is limited 
by the coil radius, while the problem of overheating276 precludes the use of large currents to produce 
stronger fields unless the setup is equipped with a cooling system like clinical magnetic resonance 
imaging (MRI) scanners.  

In the clinical MRI scanner, field gradients can be generated in the bore by two pairs of Golay 
coils (for transverse gradients) and one pair of Maxwell coils (for axial gradient), in addition to the 
strong and uniform bore field in the axial direction generated by the main superconducting 
electromagnet. Therefore, clinical MRI scanners have been proposed as a magnetic manipulation 
platform with integrated imaging capabilities in many studies,258,277,278 despite some image artifacts 
that can be caused by magnetic objects,17 and used after minor hardware/software modifications for 
wireless actuation of magnetically controlled medical robots or devices based on magnetic forces 
generated through the gradient coils.279-287 Instead of using the field and field gradients in the bore, 
it has also been proposed that the strong fringe fields emanating from the clinical MRI scanner can 
be used to steer a magnet-tipped continuum device (e.g., guidewire), for which an industrial robot 
arm was employed for spatial positioning of the patient table around the MRI scanner as a large 
stationary magnet.288 

5.2.2. Magnetically Nonorthogonal Systems     
Another class of magnetic actuation and manipulation platforms, termed the magnetically 

nonorthogonal system,258 utilizes multiple columnar coils with soft-magnetic cores that are arranged 
around the workspace such that they all point to the center of the workspace. The fields generated 
by individual electromagnets are superimposed to create desired fields and field gradients for 
manipulation, and hence all electromagnets are active in general. It is known that in general at least 
eight coils are needed to control the five DOFs of an unconstrained magnetic object (i.e., three 
translations and two rotations except one rotation around the magnetization axis due to symmetry) 
independently without orientation-dependent singularities,289 at which the system loses the ability to 
generate magnetic force or torque on the object.259 Various designs of magnetic manipulation 
platforms based on eight electromagnets (Figure 19a) have been developed,29,197,290-294 which have 

different characteristics and performances in terms of torque- and force-generation capabilities and 
the accessibility of the workspace surrounded by the electromagnets.258,295 For small scales (i.e., table-
top), the MagnebotiX OctoMag296 or MFG-100297 (or MiniMag298) systems based on eight stationary 



electromagnets are commercially available (Figure 19b). For human-body scale, clinical magnetic 

manipulation platforms based on eight stationary electromagnets include the Magnetecs (Neuro-
Kinesis) CGCI (Catheter Guidance Control and Imaging)26,27,290 and the Aeon Phocus29,292 systems 
(Figure 19c), which have been used for cardiac electrophysiology as the Stereotaxis Niobe/Genesis 

system. These products are capable of independently controlling both the field and field gradient at 
any location in the workspace.154,234 

The number of coils can be increased for systems based on stationary electromagnets to have 
manipulation redundancy258,299 or to enable spatially selective magnetic actuation.266,268 The number 
of coils can be reduced as well by adding motorized actuators168,300 (Figure 19d) or a parallel robot 

manipulator301,302 (Figure 19e) to rotate or move the electromagnets, which helps to increase the 

available workspace by reducing the number of electromagnets. A 6-DOF serial robot arm with a 
single electromagnet at its end-effector (Figure 19f) has also been proposed and demonstrated as a 

magnetic manipulation platform for steering tethered magnetic devices such as a magnet-tipped 
catheter.303-306 Instead of employing a multi-DOF serial robot arm to change the position and 
orientation of a single electromagnet, a simple passive arm has been used to carry and hold a cube-
shaped electromagnet consisting of three nested mutually orthogonal coils, also known as 
Omnimagnet,307,308 to control a magnetically steerable cochlear implant (see Figure 25g in Section 
6.2.2).309 When compared with the platforms based on multiple stationary electromagnets (Figure 

19a-c), these mobile electromagnetic actuation platforms can provide a larger workspace for more 

flexible operation with increased compatibility with external imaging or sensing devices. 

 



Figure 19. Magnetic actuation and manipulation platforms based on electromagnets. (a) Representative examples of 
magnetic actuation and manipulation platforms based on stationary multiaxial electromagnets in nonorthogonal eight-coil 
configurations258,295 and commercially available systems for (b) table-top296-298 and (c) human-body scales. Magnetic 

manipulation platforms based on movable electromagnets: (d) motorized actuation of rotatable electromagnets168,300 and (e) 

a parallel297,298 or (f) a serial303-306 robot manipulator for controlling the position and orientation of the actuating 

electromagnet in the workspace. Photo on the right in panel (b) reproduced with permission from ref 298. Copyright 2014 

Springer Nature. 

6. Applications of Magnetic Soft Materials and Robots 
The recent progress in materials design, modeling, and fabrication techniques for magnetic soft 

materials and robots and the advances in the magnetic actuation platforms have collectively 
broadened their boundary of applications in different areas, which is in contrast with traditional 
magnetorheological elastomers whose applications have developed somewhat narrowly in the field of 
vibration isolation or absorption. In the following sections, we discuss the emerging applications of 
magnetic soft materials and robots by grouping them into a few categories depending on their 
purposes. First, we will discuss general soft-robotic concepts and devices based on magnetic soft 
materials, which are not necessarily in biomedical areas in terms of their target applications. Then, 
we will review those that have been more specifically proposed and demonstrated for biomedical 
applications in the literature.  

6.1. General Applications 

6.1.1. Small-Scale Untethered Soft Robots      

Magnetic actuation has been a fast and effective means of manipulating untethered small-scale 
magnetic soft robots. In fluidic environments, in which the viscous drag becomes more significant or 
dominant than the inertial force (i.e., with low Reynolds number) due to the size effects, swimming 
strategies have often been adopted based on those of living microorganisms.17 Inspired by sperm cells, 
for example, which utilize traveling waves from the head toward the tail for propulsion, soft or flexible 
magnetic filaments have been used to create undulating motion under an oscillating magnetic field 
to produce thrust.310-313 The helical propulsion of bacterial flagella has also been adopted to small-
scale magnetic soft robots which are designed to mimic the screw-like motion to propel themselves 
under rotating magnetic fields (Figure 20a).200,201 Millimeter-scale magnetic soft robots have also been 

designed to mimic the jellyfish and successfully demonstrated a life-like swimming motion under 
oscillating magnetic fields (Figure 20b).167 Such bioinspired magnetic soft robots have been developed 

for locomotion in solid environments as well, including the millipede- or centipede-inspired soft-
robotic crawlers that utilize traveling metachronal waves under rotating magnetic fields (Figure 

20c).159,168,314 Shape-programmable magnetic soft materials can be designed to exhibit different modes 

of deformations depending on the applied field strength and direction, and their shape-changing 
capabilities can be used to enable multiple modes of locomotion when combined with spatiotemporal 
control of the actuating magnetic fields. Magnetic soft robots of relatively simple geometry (e.g., a 
planar beam) with non-uniform magnetization patterns have demonstrated a series of multimodal 
locomotion and transition in fluid and/or solid environments (Figure 20d).164-166,315 The advanced 

fabrication techniques based on 3D printing (see Section 4.2.2) have increased the level of complexity 

in the design of magnetic soft robots and provided them with flexible appendages, which help to 
achieve more sophisticated functions while interacting with other objects or environments at 
millimeter or centimeter scales (Figure 20, e and f).156,178,316  



 
Figure 20. Small-scale untethered soft robots based on magnetic soft materials. (a) Microswimmer based on magnetic 

hydrogel mimicking the helical propulsion of bacterial flagella under rotating magnetic fields. (b) Bioinspired magnetic soft 

robots based on hard-magnetic soft composites mimicking the swimming motion of a jellyfish under alternating magnetic 
fields. (c) Millipede-inspired crawling robot with an array of hard-magnetic cilia with different magnetization directions to 

produce traveling waves under a rotating magnetic field for crawling locomotion. (d-f) Magnetic soft robots based on hard-
magnetic composites exhibiting multimodal locomotion such as swimming, walking, and rolling in fluid/solid environments 
as well as cargo transport through spatiotemporal control of the actuating magnetic fields. Panel (a) reproduced with 

permission from ref 200 (Copyright 2016 Springer Nature); panel (b) from ref 167 (Copyright 2019 Springer Nature); panel 

(c) from ref 159 (Copyright 2020 Springer Nature); panel (d) from ref 166 (Copyright 2018 Springer Nature); panel (e) 
from ref 178 (Copyright 2019 American Association for the Advancement of Science); and panel (f) from ref 156 (Copyright 

2018 Springer Nature).  

6.1.2. Active Origami and Metamaterials      

Earlier forms of magnetically controlled origami robots317 have used small permanent magnets 
embedded in passive origami structures for magnetic manipulation and localization.21,22,46,318,319 Using 
distributed magnetic torques and local rotations under an applied field, magnetic soft materials have 
been shown to enable magnetically controlled folding and unfolding of origami-type structures across 
different scales.80,156,216,320 For example, a magnetically controlled microscopic crane has been designed 
and fabricated based on patterned nanomagnet arrays connected by flexible hinges (Figure 21a), 
which produces flapping movements under an alternating magnetic field.80 The classic Miura-ori 
pattern has also been reproduced with magnetic soft materials156,319 (Figure 21b), which is essentially 

a type of mechanical metamaterial that shrinks in both length and width directions, exhibiting a 
negative in-plane Poisson’s ratio.321,322 Various structures with negative Poisson’s ratios (often referred 
to as auxetic metamaterials322) whose auxetic behaviors can be controlled magnetically have been 
realized, through either extrusion-based 3D printing156,173 (Figure 21c,d), manual assembly194,212,215,323,324 



(Figure 21e,g), or injection molding162 (Figure 21f) approaches, highlighting the utility of shape-

programmable magnetic soft materials in the design of active mechanical metamaterials. By 
integrating shape memory polymer components into magnetic soft composites via multimaterial 3D 
printing, mechanical metamaterials with temperature-dependent magnetic response have also been 
realized110 (Figure 21h). Other types of magnetically controlled mechanical metamaterials, which 

utilize field-induced stiffening to exhibit field-dependent structural properties or behaviors in response 
to applied static or dynamic mechanical loads, have been demonstrated.163,325,326 Active metamaterials 
made of magnetic soft materials have demonstrated potential for applications in unconventional soft 
robotics,156,162 acoustic metastructures with tunable bandgap,324 and vibration-resistant structures.326 

 
Figure 21. Applications of magnetic soft materials for magnetically reconfigurable active origami and metamaterials. (a) 
Rigid panels with patterned nanomagnet arrays connected by microfabricated hinges morphing into a microscopic crane 
upon the application of an external magnetic field. (b) Miura-ori fold made of a hard-magnetic soft composite encoded with 

alternating oblique patterns of magnetic polarities. Auxetic structures with negative Poisson’s ratios based on 3D-printed 
(c) hard-magnetic (torque-driven) and (d) soft-magnetic (force-driven) composites exhibiting shrinkage in both length and 

width under applied magnetic fields. (e) Torque-driven auxetic behavior of a manually assembled structure based on 

embedded magnets connected by flexible members. (f) Tensegrity structure based on injection-molded soft-magnetic soft 

composites exhibiting force-driven auxetic behavior under an applied magnetic field. (g) 2D lattice structure based on 

manually assembled hard-magnetic composites connected by asymmetrically bendable joints exhibiting different torque-
driven auxetic behavior depending on the applied field direction for magnetically tunable acoustic properties. (h) 3D-printed 

2D lattice structure based on hard-magnetic elastomer and shape memory polymer exhibiting temperature-dependent 
torque-driven auxetic behavior. Panel (a) is reproduced with permission from refs 80 and 20 (Copyright 2019 Springer 



Nature); panels (b) and (c) from ref 156 (Copyright 2018 Springer Nature); panel (d) from ref 173 (Copyright 2019 Wiley); 

panel (e) from ref 212 (Copyright 2019 American Association for the Advancement of Science); panel (f) from ref 162 

(Copyright 2020 American Association for the Advancement of Science); panel (g) from ref 324 (Copyright 2021 Wiley); 

and panel (h) from ref 110 (Copyright 2021 American Chemical Society). 

6.1.3. Programmable and Reconfigurable Surfaces   

Arrays of micropillars or microplates based on magnetic soft materials have been used to create 
magnetically reconfigurable surfaces for different purposes.Through the superhydrophobic nature of 
micropillar arrays made of magnetic soft materials, for example, it has been shown that small liquid 
droplets or particles can be transported and manipulated on the arrays by controlling the applied 
magnetic field (Figure 22a).157,193,327,328 Similarly, magnetically reconfigurable surfaces based on 

micropillar or microplate arrays have been used for fluid transport (spreading, pumping, mixing) 
through magnetically induced topographical and wettability changes (Figure 22b)198,199,329 or using 

dynamic metachronal waves created by magnetic cilia under rotating fields (Figure 22c).158-160,330,331 

Fluid transport has also been demonstrated with circular tubes made of magnetic soft materials that 
are designed to mimic the peristaltic motion under traveling or rotating magnetic fields (Figure 

22d)194,332 or using a miniaturized centrifugal pump based on magnetic soft composites.333 

 



Figure 22. Applications of magnetic soft materials for programmable and reconfigurable surfaces. Hard-magnetic 

micropillar arrays (a) transporting liquid droplets and (b) spreading liquids using magnetically controlled deformation of 

the pillars. (c) Hard-magnetic cilia transporting fluids through traveling metachronal waves under rotating magnetic fields. 

(d) Peristaltic pump based on microassembled hard-magnetic composites for transporting particles or liquids under rotating 

magnetic fields. (e) Hard-magnetic micropillar array with encrypted patterns that can be revealed under an applied 

magnetic field. (f) Hard-magnetic microplate array with each side of the plate colored differently to realize magnetically 

controlled active camouflage. (g) Hard-magnetic soft composite based on materials with low Curie point (e.g., CrO2) and 
laser-assisted heating for spatially selective remagnetization (left). A magnetic soft composite surface encoded with a 
complex magnetization pattern through contact transfer of the magnetization profile from a magnetic master under global 
heating of the composite while in contact with the master surface (right).  Panel (a) is reproduced with permission from 

ref 193 (Copyright 2018 Wiley); panel (b) from ref 198 (Copyright 2020 American Chemical Society); panel (c) from refs 
158 and 330 (Copyrights 2020 American Association for the Advancement of Science and 2011 Cambridge University Press); 
panel (d) from ref 194 (Copyright 2021 American Association for the Advancement of Science); panel (e) from ref 198 

(Copyright 2020 American Chemical Society); panel (f) from ref 199 (Copyright 2019 Wiley); and panel (g) from ref 215 

(Copyright 2020 American Association for the Advancement of Science). 

Other potential applications of reconfigurable surfaces based on magnetic pillar arrays have been 
proposed as well. As an example, creation of arrays of micropillars with different responses or 
reactivity to an applied field to enable selective deformation of the pillars, it has been shown that 
the micropillar arrays can be encoded or encrypted with designed patterns that are visible only under 
an applied magnetic field (Figure 22e).157,198 Actively reconfigurable surfaces based on magnetic 

microplate arrays have also been applied to active camouflage by coloring each side of the arrayed 
microplates differently (Figure 22f).199 Similarly, application of hydrophilic coating to one side and 

superhydrophobic coating to the other side of the arrayed microplates, it has also been shown that 
such a Janus-type microplate array can be used to create reconfigurable surfaces with magnetically 
switchable wettability.199  

Instead of using reconfigurable micropillar arrays, it has also been shown that the surface of a 
magnetic soft composite sheet can be encoded with intricate magnetization patterns, which can be 
seen only under a magneto-optical sensor (Figure 22g),215 using magnetic particles with low Curie 

temperature (e.g., CrO2) along with the laser-assisted reprogramming technique discussed in Section 

4.3 to selectively demagnetize and remagnetize the embedded particles. 

6.1.4. Soft and Flexible Electronic Devices 

Previously, magnetically guided self-assembling structures based on flexible planar substrates 
containing patches of magnetic soft composites and electronic components were shown to form 3D 
flexible electronic devices.211 More recently, magnetic soft materials have been used to demonstrate 
magnetically reconfigurable soft/flexible electronic devices by integrating electronic components and 
circuitry into 3D-printed structures or molded sheets based on hard-magnetic soft composites with 
nonuniform magnetization patterns. Such soft devices exhibit different electronic functions that 
correspond to their deformed states under applied magnetic fields156 (Figure 23a), where such a 

concept of functionally reconfigurable electronic devices was previously demonstrated by means of 
passive buckling of patterned flexible circuits upon the release of prestretched elastomer substrates,334 
or reconfigure themselves into different states through programmed shape changes to control light 
beams emitted from the attached LEDs335 (Figure 23b). Magnetic soft composites with an integrated 

miniature magnetic sensor and circuitry have been proposed as a tactile sensor, which utilizes the 



change in the measured magnetic flux density due to the change in the position and orientation of 
the embedded hard- or soft-magnetic filler particles under local deformations (Figure 23c-e).174,336-339 

Similarly, it has been shown that tactile or pressure sensors can be designed based on micropillar or 
microstructural arrays of hard-magnetic soft composites, either on top of a miniature magnetic 
sensor78,340 or with a flexible coil between them,341 to measure the change in magnetic flux during 
bending of the magnetized pillars upon the applied pressure. Magnetic soft materials have also been 
used to build a flexible vibration sensor by integrating pickup coils to measure the rate of change in 
the magnetic flux during the vibration of a substrate or an object onto which the sensor is mounted 
(Figure 23f).342  

 
Figure 23. Applications of magnetic soft materials for soft and flexible electronic devices. (a) Magnetically reconfigurable 

soft electronic device based on 3D-printed hard-magnetic composite (Figure 9b) with an integrated soft circuit to exhibit 

different functions corresponding to its shapes under the applied fields. (b) Hard-magnetic composite with electroplated 

flexible (serpentine) circuits. Tactile sensors based on (c) soft-magnetic and (d) hard-magnetic composite sheets and (e) 
3D-printed hard-magnetic composite mesh with integrated hall-effect sensors to measure the change in the magnetic flux 
density due to the change in the position and orientation of the embedded hard- or soft-magnetic filler particles under local 
deformations. (f) Flexible vibration sensor based on hard-magnetic composites with integrated flexible coils. Panel (a) is 
reproduced with permission from ref 156 (Copyright 2018 Springer Nature); panel (b) from ref 335 (Copyright 2021 Wiley); 

panel (c) from ref 336 (Copyright 2018 MDPI); panel (d) from ref 337 (Copyright 2019 Wiley); panel (e) from ref 174 

(Copyright 2021 Elsevier); and panel (f) from ref 342 (Copyright 2020 Wiley). 

6.2. Biomedical Applications 

6.2.1. Targeted Delivery of Therapeutics      

Magnetic microrobots have displayed great potential for localized delivery of therapeutics usually 
in the form of rigid carriers for drugs, cells, or genes.205,208,343-346 As the cargo capacity of a single 



microrobot is limited, multiple robots are often employed as a swarm to improve the delivery 
performance.347 At millimeter scales, shape-programmable magnetic soft robots have also been 
proposed for targeted drug or cell delivery. As an example, magnetically active porous hydrogels have 
been demonstrated as carriers for therapeutic agents, which can be released on demand as the scaffold 
deforms upon the application of magnetic fields (Figure 24a).60,93 Magnetic hydrogels have also been 

used as carriers for diagnostic microbes for targeted transport and retention in gastrointestinal tract 
(Figure 24b).131 Magnetically controlled capsule devices based on a flexible body with embedded 

magnets (Figure 24c) have demonstrated their capabilities for imaging, biopsy, and therapeutic 

delivery under magnetic control.23-25,348 Magnetic capsule robots composed of fully soft materials have 
recently been demonstrated and are capable of rolling-based locomotion on rough surfaces (e.g., 
stomach wall) and release of the drugs by squeezing themselves under applied magnetic fields (Figure 
24d).194 The magnetically controlled release of therapeutic agents upon the deformation of the soft 

carriers has proven more effective and controllable than passive release based on molecular diffusion 
or cell migration.60,94      

 
Figure 24. Applications of magnetic soft materials and robots for targeted delivery of therapeutics. (a) Macroporous 

magnetic hydrogel for on-demand drug or cell delivery based on field-induced deformation. (b) Microbe-loaded magnetic 

hydrogel device for magnetically controlled transport and retention in the gastrointestinal tract. (c) Magnetic soft capsule 

robot with embedded magnets for targeted drug delivery and endoscopic imaging. (d) Magnetic soft capsules based on 

microassembled hard-magnetic composites (Figure 14d) that roll under weak rotating magnetic fields and squeeze 

themselves under a strong field to release liquid drugs. Panel (a) is reproduced with permission from ref 60 (Copyright 2011 

National Academy of Sciences); (b) from ref 131 (Copyright 2021 Wiley); (c) from ref 23 (Copyright 2012 IEEE); and (d) 
from ref 194 (Copyright 2021 American Association for the Advancement of Science). 



6.2.2. Minimally Invasive Procedures  

Magnetically steerable tethered devices in the form of magnet-tipped catheters or guidewires have 
been used for minimally invasive cardiac or vascular interventional procedures (Figure 25a,b),254-257 

utilizing the remotely controlled steering of the device based on the magnetic torque or force 
generated by the embedded magnet under externally applied actuating fields. The advances in hard-
magnetic materials and manipulation platforms have facilitated the application of magnetically 
steerable devices in different types of minimally invasive surgery, which include stereotactic 
neurosurgical procedures for biopsy or deep brain stimulation (Figure 25c),349,350 endoscopy for lung 

airway30 or colon lumen248,249 inspections (Figure 25d,e), eye surgery for treating retinal diseases or 

cataracts (Figure 25f),351-353 robotic insertion of cochlear-implants (Figure 25g),309,354 and endovascular 

navigation.31,288,355-357 While the majority of magnetically steerable tethered devices utilize one or a 
few small magnets embedded in the distal portion, it has recently been shown that hard-magnetic 
soft composites can be used to realize sub-millimeter-scale magnetic soft continuum robots with 
omnidirectional steering and navigational capabilities (Figure 25h) for neuroendovascular 

applications.31,250,358 When compared with the “magnet-tipped” design for conventional magnetically 
controlled intravascular devices, the “soft continuum” design based on soft composites with 
distributed magnetic particles can facilitate the miniaturization of the device while obviating the 
potential risks of embolization due to mechanical failure of the finite-sized magnet attached at the 
end of the device.31,288   

 
Figure 25. Applications of magnetic soft materials and robots for minimally invasive interventions. (a) Magnet-tipped 

catheters for cardiac applications, (b) magnet-tipped guidewires for endovascular navigation, (c) magnet-tipped flexible 



needles for minimally invasive neurosurgical applications. Magnetically steerable endoscopes for (d) lung airway (i.e., 
bronchoscope) and (e) colon lumen (i.e., colonoscope) inspections based on flexible tethered devices with embedded finite-
sized magnets. (f) Magnetically steerable laser probe for ophthalmic surgical applications to treat retinal diseases. (g) 
Magnet-tipped cochlear implants for magnetically controlled robotic insertion. (h) Magnetically steerable guidewires based 
on hard-magnetic soft composites for navigation in the complex neurovasculature. Panel (a) is reproduced with permission 
from ref 303 (Copyright 2018 IEEE); panel (b) from refs 254 and 355 (Copyrights 2006 Springer Nature and 2018 MDPI); 
panel (c) from ref 350 (Copyright 2021 IEEE); panel (d) from ref 30 (Copyright 2018 World Scientific Publishing); panel 
(e) from refs 248,249,359 (Copyrights 2019 IEEE, 2019 American Association for the Advancement of Science, and 2020 
Springer Nature); panel (f) from ref 352 (Copyright 2019 IEEE); panel (g) from ref 309 (Copyright 2020 IEEE); and panel 
(h) from ref 31 (Copyright 2019 American Association for the Advancement of Science). 

7. Considerations for Future Developments 
Despite the recent progress in magnetic soft materials and robots and their demonstrated potential 

for future therapies, much work needs to be done to address remaining challenges in the design, 
fabrication, sensing, and control of magnetic soft robots. In the following section, we highlight 
underexplored areas of research in the field of magnetic soft materials and robots and suggest 
directions for future developments (Figure 26). We also discuss from clinical translation perspectives 
the biocompatibility of magnetic soft materials for their medical applications. 

 
Figure 26. Future developments and research directions for next-generation magnetic soft materials and robots. 

7.1. Advanced Design and Fabrication   

As discussed in Section 4.2, the advances in fabrication techniques have increased the level of 
complexity in the design of magnetic soft materials and robots, enabling complex shape changes 
programmed by means of intricate magnetization patterns. Even for a single magnetic object that is 
not designed to morph into programmed shapes, the magnetization profile can play an important 
role in terms of enabling more sophisticated manipulation by increasing the number of controllable 
DOFs. As discussed earlier in Section 5.1, a uniformly magnetized object with axial symmetry has 
at most five controllable DOFs in free space, as the symmetry around the magnetization direction 
reduces one rotational DOF, and so do typical untethered magnetic objects such as magnetic capsule 
robots. Aimed at enabling more dexterous manipulation of magnetic objects, it has been shown that 



the controllable DOFs of an untethered magnetic object can be increased to six by creating a complex 
magnetization pattern achieved from assembling a few pieces of composites with nonuniform 
magnetization into a single object.251,360 In terms of fabrication, the magnetic 3D printing techniques 
discussed in Section 4.2.2 can be used to build objects with such intricate magnetization patterns 

more easily.  

When it comes to design, however, finding the required magnetization patterns to achieve the 
desired shape changes or functions can be nontrivial in many cases, especially when the geometry 
becomes complicated. For simple geometries such as beams or rods, numerical solutions of their 
governing equations based on the force and moment balances165,253 can be used to find the optimal 
magnetization profile to program the desired shape.165 For high-dimensional geometries with complex 
programmed shape changes, however, there is no unified framework for design, which has often relied 
on heuristic approaches based on trial and error. While finite element simulations based on the 
continuum mechanical models (see Section 3.3) can be used to find the equilibrium state when the 

object geometry and magnetization profile are given and the actuating magnetic field and boundary 
conditions are specified, solving the inverse problem is challenging. However, given that large 
quantities of data can be easily generated from finite element simulations for the forward problems, 
machine learning approaches can be used to solve the inverse-design problems by utilizing the 
collected data set for training learning networks, which have shown promising results in designing 
functional composite materials.358,361-363 In doing so, the limitations of the existing fabrication methods 
discussed in Section 4.2 will need to be considered, given that they are not without limitations in 

terms of their achievable level of complexity in the programmed magnetization pattern and the 
fabricated object geometry. In other words, advanced fabrication techniques to realize the optimized 
design should be developed in parallel to be able to leverage such learning-based design frameworks 
for next-generation magnetic soft materials and robots. As mentioned in Section 4.2.3, developing a 

scalable and automated fabrication method to realize 3D magnetization patterns in 3D structures 
will thus be an important area of future exploration.  

7.2. Multiple Combined Functionalities   

As shown in many examples discussed in Section 6.2, biomedical applications of magnetic soft 

materials and robots require additional functionalities for therapeutic or diagnostic purposes in 
addition to magnetic actuation and control for device manipulation and deployment. In some cases, 
some of the device functions can be directly achieved through the programmed shape changes of the 
device under magnetic actuation, as was the case with the soft capsule robots that can release drugs 
through squeezing action while deforming under an externally applied field (Figure 24d).194 In many 

other cases, however, the magnetically driven transformation alone may not be sufficient to perform 
sophisticated diagnostic or therapeutic tasks. For example, a biopsy requires high enough forces to 
extract cells or tissues for sampling, which can be challenging for soft-bodied robots to generate or 
exert on the targeted tissue. One possible approach could be to incorporate magnetically controlled 
microneedles296 or thermally activated microgrippers24 inside the soft robot that can be delivered and 
released on demand at the targeted site to perform the biopsy task and safely retrieved.2  

When compared with discrete systems based on one or a few finite-sized magnets incorporated 
into the robot’s deformable body (Figure 1a), continuous systems based on soft composites with 

dispersed magnetic particles (Figure 1b) could offer greater flexibility in the design and fabrication 

of magnetic soft robots with multiple combined functionalities. In the field of intravascular or 



endoluminal soft-robotic devices, for example, the magnetically steerable soft continuum robots for 
endovascular navigation (Figure 25h) have demonstrated an additional capability of steerable laser 

delivery by incorporating an optical fiber as a functional core inside the composite polymer jacket.31 
Since the actuating magnetic field does not affect the transmission of laser light through the optical 
fiber core, such devices could potentially be used for laser-assisted endovascular therapy such as laser 
atherectomy for removing plaque from blood vessels to treat obstructive vascular diseases. When the 
functional core is in the form of a fiber-optic shape sensor based on fiber Bragg grating (FBG) 
arrays,364 real-time shape sensing and device tracking or localization could be realized for magnetically 
steerable soft continuum robots to enable feedback control.  

7.3. Biocompatibility for Clinical Applications  

While great potential of magnetic soft materials and robots for biomedical applications has been 
demonstrated in many proof-of-concept studies, as discussed in Section 6.2, much work is needed to 

ensure their safety and effectiveness for successful clinical translation. In the context of the regulatory 
process for medical devices, different levels of biocompatibility are required for the device materials 
depending on the level of interaction with the human body, considering the type and duration of 
contact with biological materials (e.g., tissues, cells, blood), following relevant standards such as the 
ISO 10993 series365-368 and the related Food and Drug Administration (FDA) guidance369 for 510(k) 
premarket notification or premarket approval (PMA) processes depending on the device classification 
for FDA regulatory pathways.  

As mentioned earlier, iron oxide nanoparticles are considered biocompatible82-84 and hence have 
been most commonly used for biomedical applications such as magnetic hyperthermia for cancer 
treatment. While common host polymers for magnetic soft materials and robots based on silicone or 
polyurethane elastomers and hydrogels are generally known to be biocompatible with no acute 
cytotoxicity,138,370-374 ferromagnetic materials including iron and iron-based alloys can be cytotoxic due 
to their corrosive nature.375-377 It has been shown from cell viability testing that, for relatively short-
term (i.e., 24 hours) exposure to aqueous environments, magnetic soft composites based on silicone 
elastomers containing bare (uncoated) neodymium-iron-boron (NdFeB) microparticles are 
biocompatible,378 which can be attributed to the fact that the particles are contained within the 
polymer matrix. For hydrogel-based composites, in which the uncoated NdFeB microparticles are 
directly exposed to the aqueous environment of the hydrogel matrix, it has been shown that 90% of 
cells can remain alive in a similar testing condition with short-term exposure (24 hours).137 However, 
the particles will eventually become corroded residing in the aqueous environment for extended 
periods of time because the silicone elastomers are permeable to gas and water vapor, and the 
corrosion products can cause cytotoxic effects. For this reason, the anticorrosion coatings for magnetic 
particles (see Section 2.3.1.2) will be required for biomedical applications with long-term exposure to 

physiological environments such as tissue scaffolds or implantable devices. It has recently been 
reported that composites based on poly(vinyl alcohol) hydrogels and silica-coated NdFeB particles 
did not result in cytotoxic effects even when in contact with mammalian cells or living bacteria for 
several days.131 Although uncoated samarium cobalt (SmCo) alloys have been reported to show a 
greater tendency for corrosion and cytotoxicity, when compared with uncoated NdFeB alloys, it has 
been shown that different types of anticorrosion coatings can be applied to make the material 
nontoxic.379,380       



For clinical applications that involve contact of the device with circulating blood, such as the 
magnetically guided intravascular devices, hemocompatibility should also be evaluated to ensure that 
the device materials cause no adverse responses such as thrombosis, coagulation, hemolysis, and 
complement activation during their intended uses. For example, thrombosis on the robot can impede 
robotic functionality (e.g., increasing the mechanical rigidity) and may lead to distal tissue ischemia, 
while complement activation may not only render the robot nonfunctional but also cause systemic 
impacts due to the subsequent inflammatory response.381 Material-mediated complement activation 
is a complex process that depends on multiple factors such as the physical and chemical properties 
of the material and the surface area and surface architecture of the device.369,382 Further studies will 
be required to evaluate such material-mediated biological and physiological responses to evaluate 
both short-term and long-term systemic responses and thereby to ensure the safety of magnetic soft 
materials and robots for their applications to blood-contacting medical devices. 

7.4. Image-Guided Magnetic Manipulation   
For magnetic capsule robots or magnet-tipped tethered devices for medical applications, whose 

size can range from a few millimeters to centimeters in terms of the device diameter, localization and 
tracking of the device have been obtained from internal or external sensing (e.g., embedded Hall-
effect sensors and inertial measurement units247,249,383 or externally arranged Hall-effect sensor 
arrays25,299,384-386) or real-time imaging (e.g., internal imaging using endoscopy cameras;30,359 external 
imaging through optical or stereocameras,242,243,300,301 x-ray fluoroscopy,249,387 magnetic resonance 
imaging,287 or ultrasound305). The state observation from device tracking and localization through 
real-time sensing or visual feedback through imaging allows for the implementation of closed-loop 
feedback control or learning-based, data-driven control386 for intelligent magnetic manipulation. For 
small-scale magnetic soft robots, however, device tracking and localization for closed-loop control 
and advanced manipulation through internal or external sensing can be challenging due to their 
constrained size, and the state observation would rely mostly on the visual feedback from real-time 
external imaging.  

When it comes to clinical applications of magnetic soft robots, such as for minimally invasive 
interventions, x-ray fluoroscopy could offer reliable real-time imaging for state observation of the 
device being manipulated inside the human body, because a device with distributed magnetic 
particles will be naturally visible under x-ray due to the presence of radiopaque magnetic particles. 
Another important point is that externally applied magnetic fields do not cause interference on x-
ray imaging, which is why the commercialized magnetic manipulation systems (Figures 17c and 19c) 
have been used along with a C-arm fluoroscope for real-time x-ray imaging. However, the fact that 
x-ray fluoroscopy provides only planar 2D projection imaging at a time implies that an integrated 
imaging and actuation platform will be needed to facilitate flexible and dexterous manipulation of 
magnetic soft robots in 3D environments. The C-arm fluoroscopy system has been evolving into 
essentially a multi-DOF robotic platform capable of automated rotation and angulation with flexible 
maneuverability for complex image-guided interventions. In this regard, we envision that next-
generation magnetic manipulation platforms will have an integrated robotic imaging system that can 
be synchronized with magnetic actuation. However, the previously developed or existing magnetic 
manipulation systems are mostly based on either a pair of large permanent magnets (Figures 17a) or 

a set of multiaxial electromagnets (Figures 19a-d), for which the C-arm angulation and rotation is 

greatly limited due to the confined space between the magnets or electromagnetic coils.254 When 



compared with these relatively bulky systems, compact platforms based on a serial robot arm 
manipulator with a single actuating magnet at the end of its end-effector (Figures 17a and 19f) could 

allow wider C-arm rotation angles for better state observation and hence suggest a cost-efficient 
alternative to the existing magnetic actuation and manipulation systems for clinical applications.  

7.5. Integrated and Distributed Sensing  

Recent advances in soft electronic sensors and circuits based on semiconducting or conductive soft 
materials with percolating networks of conductive phases suggest potential for integration with 
magnetic soft robots for distributed sensing capabilities in the form of stretchable electronic 
skin7,111,388,389 or integrated soft and flexible circuits in the soft-bodied robots390,391. The use of multi-
material 3D printing would facilitate seamless integration of the sensing and actuating components, 
where the addition of the sensing elements should ideally not affect or sacrifice the actuation 
performance due to the additional mechanical resistance that needs to be overcome by magnetic 
torques or forces during actuation. In this light, highly compliant, stretchable conductive polymers 
or hydrogels based on poly(3,4-ethylenedioxythiophene) poly(styrene sulfonate) (PEDOT:PSS)392-394 
can be potentially useful for integration as sensing elements in small-scale magnetic soft robots, 
because of their lightness as well as good electrical performance. The sensory skin with distributed 
sensing elements can also be used to collect environmental signals such as temperature or pressure 
for monitoring and diagnosis purposes. In addition, given the absence of well-defined kinematics for 
soft-bodied robots, whose elastic deformation can involve virtually infinite DOFs, the advances in 
integrated or distributed sensing modalities will be conducive to developing better control strategies 
for magnetic soft robots. For example, the integrated or distributed sensing capabilities would allow 
for measuring mechanical strains for shape sensing or locating applied stresses for contact 
monitoring,395-397 where the sensory feedback can provide local state awareness of the robot during 
the actuation or operation to realize autonomous or semiautonomous control of magnetic soft robots. 
Magnetic actuation coupled with such integrated and distributed sensing capabilities will further 
enable more effective control of the robot’s dynamic interactions with the environment. 

7.6. Intelligent and Autonomous Control 

For magnetic soft devices and robots with complex and continuous shape changes that involve a 
large number of DOFs, it can be even more difficult to use traditional control methods based on 
sensory feedback. Alternatively, a quantitative predictive model can be constructed from finite 
element simulations in the continuum mechanical framework and used for open-loop control of 
magnetic soft robots, particularly for quasi-static problems with negligible dynamic or inertial effects 
in relatively unrestricted environments with well-defined boundary conditions. However, when 
dynamic tasks are of concern or when operating in unstructured or constrained environments, 
learning-based control will offer an advantage over the model-based approach, provided that a 
sufficient amount of data can be generated and collected experimentally. It has recently been shown 
that a probabilistic learning approach can be applied to gait control of untethered small-scale 
magnetic soft robots to optimize locomotion performance with a relatively small amount of training 
data obtained from physical experiments.398 Although not much work has been done in this direction 
thus far, this will be an important and promising area for future exploration toward the intelligent 
and autonomous control of magnetic soft robots. Collective efforts will be needed to develop more 
robust and effective control strategies for magnetic soft robots to turn their complex morphological 
properties into dexterous manipulation and sophisticated functions.  



8. Concluding Remarks 
There is rather long and checkered history of utilizing magnetism for medical applications,399 

including the magnetically guided tethered devices for vascular exploration and treatment.255,400-407 
Unfortunately, most of them have “faded into oblivion”408,409 with no successful adoption. Fueled by 
recent advances in the development of materials design and fabrication techniques for magnetic soft 
materials, we are moving away from attaching small pieces of iron or magnets to such devices toward 
building actively reconfigurable soft-bodied robots capable of complex shape changes to enable more 
advanced and sophisticated functions. Over the past few years, we have seen many exciting advances 
and examples in the field of magnetic soft materials and robots that suggest great potential for many 
important applications including biomedical areas. While many of the advantages of magnetic soft 
materials and robots for biomedical applications are considered unique, there are still a number of 
challenges that remain to be overcome to make them widely adopted as practical tools for real-world 
applications, as discussed above. To avoid sharing the fate of their predecessors, magnetic soft 
materials and robots must go beyond materials development and proof-of-principle demonstrations 
through both fundamental and applied research focused on realizing the required level of complexity 
and performance in their functions for practical applications. To this end, a close collaboration among 
researchers in academia and industry with different expertise across diverse fields will be needed, 
given the multidisciplinary nature of this emerging field at the intersection of materials science, 
chemistry, physics, mechanics, robotics, and biomedicine.  
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