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Abstract

Magneto-/ electro-responsive polymers (MERPs) are a class of stimuli-responsive materials
that are actuated when triggered by external magnetic/ electric fields. MERPs exhibit rapid,
reversible, and safe multi-functional and dynamic (i.e., changing with time) properties, which
can effectively be manipulated at different length scales. These features make MERPs very
attractive particularly in biomedical engineering (e.g., drug delivery systems and tissue
engineering), soft matter engineering (e.g., soft robotics), and structural design of smart
materials with unprecedented properties (e.g., complex shape morphing). Due to the recent
progress in the design and development of MERPs, here, we highlighted the current advances
in fabricating MERPs using various manufacturing methods including 3D/ 4D printing and
conventional techniques. We also summarized the methods used for the characterization of
MERPs and discussed their important structure-property relationship. We also highlighted the
potential applications of MERPs in biomedical engineering, soft robotic, and the design of
smart materials and systems. MERPs show great potentials for creating smart materials with
predictable dynamic properties. More studies are necessary to investigate the biological
responses of MERP both in-vivo and in-vitro, which is essential for biomedical engineering
applications.

Keywords: magneto-/ electro-responsive polymers, 3D/ 4D printing, soft robotics, tissue
engineering, drug delivery systems, shape morphing



Abbreviations

Full name Abbreviation Full name Abbreviation
acrylamide AAm microparticles MPs
two-photon polymerization 2PpP magnetorheological MR
three-dimensional 3D magneto-rheological elastomers MREs
acrylonitrile butadiene styrene ABS magneto-responsive polymers MRPs
silver Ag magneto-responsive SMPs MRSMPs
additive manufacturing AM mesenchymal stem cells MSCs
alternating magnetic field AMF neodymium-—iron—boron NdFeB
antimony-doped tin oxide ATO high near-infrared NIR
bone marrow r;l:ﬁ:nchymal stem BMSCs nanoparticles NPs
bone tissue engineering BTE polyamides PA
computer-aided design CAD polyacrylamide PAAm
carbonyl iron powders CIPs polyaniline PANi
carbon nanofibers CNFs polycarbonate PC
carbon nanotubes CNTs polycaprolactone PCL
cardiac tissue engineering CTE polydimethylsiloxane PDMS
drug delivery systems DDSs polyethylene glycol PEG
dielectric elastomer DE poly(ethylene glycol) diacrylate PEGDA
direct ink writing DIW polylactide acid PLA
digital light processing DLP poly (lactic-co-glycolic acid) PLGA
direct laser writing DLW poly-I-lactic acid PLLA
dynamical mechanical analyzer DMA poly-lactide-co-trimethylene PLMC
carbonate
drop on demand DOD polypyrrole PPy
differential scanning calorimetr DSC Poly(vinyl alcohol) PVA
extracellular matrix ECM polyvinylidene fluoride PVDF
electro-magnetorheological EMREs scanning clectron microscope SEM
elastomers
electro-responsive polymers ERPs stereolithography SLA
electro-responsive SMPs ERSMP selective laser sintering SLS
fused deposition modeling FDM shape morphing SM
fused filament fabrication FFF shape memory effect SME
heat-assisted magnetlc HAMP shape memory polymers SMP
programming
iron oxides 10s superparamagnetic iron oxide SPIO
ionic polymer metal composite IPMC tissue engineering TE
iron particles IPs thermogravimetric analysis TGA
light-emitting diode LED thermoplastic polyurethane TPU
magneto-/ electro-responsive MERPs urethane acrylate UA

polymers



1. Introduction

The past two decades have witnessed a growing interest towards the use of stimuli-responsive
polymers in high-tech industries and material science technology. Among different stimuli-
responsive polymers, magneto- and (or) electro-responsive polymers (termed as MERPs here)
are one of the most widely used polymers for achieving particular multi-functional properties.
Examples of these multi-functional properties are tunable mechanical properties as well as
complex (re-programmable) shape morphing (SM) capabilities at different length scales. One
of the remarkable advantages of MERPs is their capability for the remote actuation when
being triggered by the external magnetic and electric fields. This feature is a prominent and
robust way of actuating objects particularly at small scale. This is because of their ease of use,
fast actuation/ response time, compatibility in biological environment which is more feasible
than other stimuli such as direct heating [1]. These unique features of MERPs make them a
prominent candidate in biomedical engineering (e.g., tissue engineering (TE), drug delivery
systems (DDSs)), soft matter engineering (e.g., soft robotics), design of smart structures and
systems with dynamic properties [2-4]. Moreover, in the last decade, employing different
motifs, e.g., stimuli-responsive polymers such as shape memory polymers (SMPs) [5] as
matrix, use of additive manufacturing (AM) techniques [6], and multiple stimuli [7, 8], have
created advanced MERPs-based applications with the ability to store/recover their temporary/
permanent shape(s) thanks to their shape memory effects (SMEs).

MERPs generally consist of two components including magneto-/ electro-responsive particles
(= actuation particles), and non-magnetic/electric polymer matrix. However, in some cases,
the polymer matrix has magnetic/ electrical properties itself and the need to add actuation
particles becomes unnecessary. Elastomeric polymers (e.g., silicones, acrylate-based polymers,
and polyurethanes), SMPs (e.g., polylactic acid (PLA)) and hydrogels are the most widely
used polymers as matrix in MERPs. Particularly, if large deformations are needed, soft

elastomeric polymers such as Ecoflex'™, SYLGARD™, and polydimethylsiloxane (PDMS)
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are widely used thanks to their biocompatibility, mechanical/thermal stabilities, and large
deformation ability [9]. Common particles used in the fabrication of MERPs are metal
particles (cobalt, iron and nickel (Ni)), iron oxides (IOs) (e.g., Fe, 05 and Fe;0,, cobalt ferrite
(CoFe,0,), nickel ferrite (NiFe,0,)), neodymium—iron—boron (NdFeB), graphene, carbon
black, carbon nanofibers (CNFs), carbon nanotubes (CNTs), and multi-walled carbon
nanotubes [10-13]. Such magneto-/ electro-responsive particles are generally responsible for
the dynamic behavior of MERPs unless a polymer with SME is used as the matrix.

MERPs are classified into magneto-responsive polymers (MRPs) and electro-responsive
polymers (ERPs) given the type of stimulation. As MRPs consist of magnetic particles, they
will be activated upon the application of a magnetic field. In preparing MRPs, ferromagnetic
particles are homogeneously (or sometimes non-homogeneously) distributed inside a non-
magnetically active polymeric material before the solidification process. Furthermore, MRPs
with particles aligned in a preferred direction can be produced when a magnetic field is
applied during the curing (or solidification) process [14]. Given the hysteresis loop of
magnetic particles and their coercivity, ferromagnetic particles are divided into two categories
known as soft and hard magnetic particles. Soft magnetic particles such as I0s have low
coercivity as compared to hard magnetic particles (e.g., NdFeB) [15]. In soft MRPs, upon
applying a magnetic field, magnetic particles are moved due to the dipole-dipole interactions
between particles driven by magnetization. Such movement and rearrangement of particles
induce internal stresses/friction with matrix which creates internal heat and consequently lead
to deformations and property changes. However, in hard MRPs, there is also an internal
interaction between particles even under a in the absence of magnetic field in such a way that
they can deform under a uniform magnetic field (unlike soft MRPs that can be deformed
under magnetic field differences). This is why soft MRPs such as magnetorheological

elastomers (MREs) are mainly used in dynamic systems due to their capability in large



deformation and mechanical property changes and hard MRPs are mainly used in shape
morphing applications [15-18].

ERPs have emerged as a class of soft multi-functional materials with outstanding
electromechanical properties, which draw immense attention among researchers. Based on
their transduction mechanisms, ERPs are usually divided into two main categories, namely
electronically ERPs and ionically ERPs [19]. ERPs can be used as actuators when an electric
field produces mechanical outputs, or as sensors via capacitance changes, or as energy
harvesters when ambient mechanical motions produce electrical outputs. One of the most
salient features of ERPs is that they can be deformed largely under electric stimuli while they
are used as actuators [20].

In this review, we will first refer to the advances in the manufacturing procedures of MERPs,
including 3D/ 4D printing, and conventional technologies. In the next step, experimental
characterization of MRPs, as well as the electro-mechanical response of ERPs, will be
scrutinized. Afterwards, the discussion will be oriented to widespread applications of MERPs
in biomedical engineering including TE and DDSs, soft matters (e.g., soft robotics), SM
structures and dynamic systems. Finally, we will provide an outlook of future research
directions and opportunities.

2. Manufacturing Techniques

In general, two methods, namely AM and conventional (e.g., template-based fabrication)
techniques, have been employed to fabricate MERP-based polymeric structures. Several
factors including the production type (e.g., mass or customized fabrication), the complexity of
the structures, dimensions of the specimens, polymer matrix diversity, application of the
structure, and the characteristics (i.e., morphological, mechanical, electrical, and magnetic) of
the reinforced particles can determine the choice of suitable fabrication method. Although
both AM and conventional techniques have several pros and cons, AM techniques have

received more academic and industrial attention.



2.1. 3D/ 4D Printing Technologies

Additive manufacturing (also known as the 3D printing) is a manufacturing process for the
rapid prototyping of 3D objects designed by 3D computer-aided design (CAD) models. The
layer-by-layer nature of the 3D printing processes allows for creating porous structures with
complex interconnected internal pores. Moreover, the advancement of multi-material 3D
printing has provided unparalleled opportunities to arbitrarily deposit multiple materials in the
3D space. By rational design of the microarchitectures of porous structures and precise
deposition of the multiple material phases in the space, one can create architected materials
with tailor-made properties and functionalities [21-23]. The unique features of the 3D printing
structures can be combined with the novel properties of the stimulus-responsive materials to
create 4D-printed structures whose properties can dynamically change over time [24, 25]. 4D-
printed structures, due to their SME, time-dependent properties and the reduction of the need
for external power or electro-mechanical systems to induce the property changes (e.g., shape
change), offer several advantages in the development of stimuli-responsive materials and
structures with shape adaptivity/ multi-functionality [26, 27]. Besides, 3D/ 4D printing
techniques have several advantages including making complex geometries and easy-to-use
products, single-step fabrication process, producing patient-specific biomedical devices, and
ease of control [28, 29]. Here, our focus is to provide the state-of-the-art 3D/ 4D printing
technology used for developing the MERPs. As illustrated in Figure 1, five different 3D
printing techniques have been used for the development of the MERPs, namely direct ink
writing (DIW), inkjet or drop on demand (DOD), fused deposition modeling (FDM), light-

assisted AM and selective laser sintering (SLS).
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Figure 1. A schematic summary of the 3D printing techniques used for the development of
MERPs. The 3D printing illustrative sub-figures are adapted from [30].

2.1.1. DIW

DIW technique refers to a 3D printing method based on the extrusion of a viscous ink through
a nozzle under pressure to construct the geometries in a layer-by-layer fashion utilizing a
computer-controlled robotic dispenser. DIW is the most widely used 3D printing technique
for the development of MERPs, thanks to its simplicity and extreme ability to dispense highly
viscous inks. The physical properties such as viscosity and density of the ink can significantly
be altered after adding the magneto/ electro-responsive particles such as CNTs and

nanoparticles (NPs) of IOs into the non-active-matrix material [16, 31, 32]. Therefore,



investigating the rheological properties of the ink is a key step for a successful DIW 3D
printing. As summarized in Figure 2.a, various rheological properties (e.g., shear-
thinning/thixotropy and the viscosity recovery [32]) have to be investigated and optimized for
printability and shape fidelity by rotational and oscillatory tests. In addition to the physical
properties of the inks, the printing parameters such as print speed, die swelling, extrusion rate
and print height need to be optimized for the successful DIW 3D printing [33] (see Figure
2.b). Examples of the DIW 3D printing technique of MERPs are given in Figure 2c-e and
include; First, DIW 3D printing can be used as a method to encapsulate multiple (active and
non-active) materials. This means that the active particles such as CNTs/ carbonyl iron
powders (CIPs) can be mixed in a matrix such as silicone to develop an active ink, that can
later be 3D printed and encapsulated within another non-active material [32]. Second example
concerns the application of magnetic domains to adjust the orientation of hard magnetic
particles such as NdFeB during the printing processes. This has been done via imposing
magnetic field at the nozzle tip [16]. Third example includes a solvent evaporation method
that can be used to 3D print MERPs. In this method, after dispensing the ink from the nozzle,
UV light were used to evaporate the solvent and to cure the filament [34]. The solvent
evaporation rate and diameter shrinkage ratio were the two major features, which needed to be
investigated for the successful DIW 3D printing. The popular non-magnetic matrix for the
DIW is heat-curable silicone-based elastomers, thanks to their non-toxic, non-flammable, and
highly stable properties [16, 32, 35]. Moreover, hydrogels (e.g., polyethylene glycol (PEG),
poly(ethylene glycol) diacrylate (PEGDA), polyacrylamide (PAAm) and acrylamide (AAm))
involving IOs have also been 3D printed using DIW (e.g., 3D-printed magneto-responsive

hydrogels made from PAAm-Carbomer for soft robotivs application [36]).
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Figure 2. (a) A summary of the rheological parameters for the development of inks in DIW.
(b) Ilustration of the optimization of the printing process [33], where V: speed of the
nozzle/platform, C: speed of the extruded filament, H: printing height (distance between
printing platform and nozzle tip), D: diameter of the extruded filament, a: die swelling ratio,
V*: dimensionless print speed and H*: dimensionless print height. (c¢) Schematic illustration
of the 3D printing of hybrid MREs using soft magnetic particles and examples of printed
patterns [32]. (d) Schematics of the printing process of magnetic domains using hard magnetic
particles, the magnetic domains were reoriented by applying a magnetic field generated by a
permanent magnet or an electro-magnet placed around the dispensing nozzle and the example
of the developed patterns [16]. (¢) Schematic of the DIW 3D printing via solvent evaporation
of UV cross-linked PLA-based ink and the 3D-printed structures [34].

2.1.2. Inkjet
Inkjet technique refers to a 3D printing method based on depositing droplets of inks through a

high number of micro-sized nozzles to construct the geometries in a layer-by-layer fashion
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utilizing, usually, a piezoelectrically controlled dispenser. Inkjet 3D printing is usually
suitable for low-viscosity inks and small volumes of ink (~1-100 picoliters) [37]. The
physical properties such as viscosity, surface tension, density, and droplet formulation of the
inks play a critical role in this technique. Firstly, the ink is expected to be a Newtonian fluid
(see Figure 3.a). Secondly, for a stable droplet formation and a successful 3D printing
process, the inks should have a Z-value between 1 and 10 [38, 39] (see Figure 3.b). To print
MERPs by this method, the conductive inks, (either electrically or magnetically), are
necessary. The ink can be dispensed continuously, i.e., inkjet or DOD fashion (see Figure 3.c)
and can be polymerized either using heat or UV light (Figure 3.d). Inkjet 3D printing is
known for its high printing resolution; however, nozzle clogging is one of the biggest issues
in this method. For example, the inkjet 3D printing with magnetic particles of micro-size
loaded ink is not easily achievable as micro-sized magnetic particles can easily clog the
nozzle. This is one of the reasons that inkjet 3D printing is less adopted for MRPs. There are
very limited examples for the development of magneto-responsive actuators using inkjet 3D
printing. One example is a magneto-responsive fluid encapsulated within a PDMS substrate
via the DOD method [40]. On the other hand, there are several studies available for the inkjet
3D printing of ERPs [41-49]. For instance, dielectric elastomer (DE) devices with high
performance and throughput (thermal and UV-curable silicone-based DE membranes with a
thickness of 2 pum) were successfully 3D printed using a DOD inkjet 3D printing [41]. It
should be noted that DEs as a subset of ERPs belong to the class of smart polymers that can
produce large strains upon an electric field. Further details about DEs are presented in section
4.5.2. The extremely high resolution and DOD technique make it always noteworthy to
implement the inkjet 3D printing for the development of high-performance MERPs. However,

the optimization of the inks to prevent the nozzle clogging is pivotal in this method.
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Figure 3. (a) Example of the physical properties (e.g., viscosity) of the ink in inkjet 3D
printing [38]. (b) Important parameters that are necessary to be taken into account for the
printability of the ink [38, 39]. (c) Schematics showing a continuous inkjet printer and an on-
demand inkjet printer [50]. (d) Examples of jetting droplets formed for thermal and UV
curable silicone elastomer inks [41].

2.1.3. FDM
FDM also known as the fused filament fabrication (FFF) 3D printing technique uses filaments

made of thermoplastic polymers, which are melted and extruded through a nozzle to construct
the geometries in a layer-by-layer fashion. The well-established materials for FDM 3D
printing are PLA, acrylonitrile butadiene styrene (ABS), thermoplastic polyurethane (TPU),
polycarbonate (PC), and polyamides/nylons [51-53]. Among them, PLA has extensively been
attracted in the field of 3D/ 4D printing of MERPs. To print MERPs-based structures, again, it
is necessary to modify the filaments of traditionally available materials by adding active
particles such as CNT or silver (Ag) nanowires [54] and NPs of 10s [55]. Figure 4 illustrates
how the modified PLA filament can be achieved for MERPs development via FDM

technique. For example, to develop a composite filament of PLA, first, pure PLA can be
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dissolved in CHCL, solvent at room temperature, and NPs of Fe;0, can be added into the
PLA solution to make the Fe;0,/ PLA composite [55]. Thereafter, the raw composite of
Fe;0,4/PLA can be added into the feeder of an extruder for the extrusion of the new composite
filament for FDM 3D printing. Various parameters such as concentration of magnetic
particles, extrusion temperature, filament diameter, and thermal behaviors of the composite
filament (using differential scanning calorimetry (DSC) and thermogravimetric analysis

(TGA) techniques) need to be optimized for this purpose [56-58].
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2.1.4. Light-Assisted AM
Stereolithography (SLA), digital light processing (DLP), and two-photon polymerization

(2PP) are three common light-assisted AM techniques to create photo-curable polymers using
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light [59]. They all have the same mechanisms in a way that take the light-mediated
conversion of a liquid resin comprising of monomer or oligomer photopolymers into a solid
object (see Figure 5.a and b). However, there are differences in terms of precision and
resolution among these techniques. In the process of photopolymerization, as illustrated in
Figure 5.a, the absorption of photons by the photo initiator initiates the reaction by producing
free radicals, which pass within the resin. Then the radical monomers are created, after that
the interaction between radical monomers with other monomers produce heavier molecular
weight radical polymers. Finally, non-radical polymers are produced given the interaction of
radical monomers with each other and the reaction is terminated [60]. For DLP, the relation
between UV light dose and curing depth of the resin has to be determined in detail. To print
MERPs by this method, like other methods, the liquid resin must be loaded with magneto-/
electro-responsive particles. Various parameters such as exposer time per projection,
magnetic/ electric filler loading percentage, layer thickness, waiting time before exposure, and
the effects of the additives should be optimized for the modified resin (e.g., the optimization
of the above-mentioned parameters for DLP 3D printing of MRPs [61] or the stability of a
magnetic resin [54]). Figure 5.c and d provide examples of the light-assisted AM techniques
of MREs (e.g., using urethane acrylate (UA) resins loaded with NPs of Fe;0, to develop
MRPs [62].

2.1.5.SLS

SLS 3D printing technique uses a thin layer of plastic powder, which is selectively melted by
a laser to construct the geometries in a layer-by-layer fashion from the powder bed. The SLS
technique is newer compared to other 3D printing techniques for the development of MERPs.
In this regard, 3D printing of NP of IO functionalized polyamide powders using SLS
techniques has been recently reported [63]. Similarly, CNTs loaded polyamide composites
have been 3D printed using the SLS [64]. Again, similar to other 3D printing processes,

proper adjustment of the material development and printing parameters (e.g., printing height,
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hatch distance, laser power, and scan speed) are crucial factors for a successful SLS process.
From material development viewpoint, the blending of the NPs of 10s or CNTs is shown in
Figure 5.e. The process involves colloid formulation followed by the laser fragmentation of
liquids by irradiating of a laser light in a liquid jet setup. Thereafter, the resulted colloids can
be mixed with polyamide 12 to develop composite polymer powders for SLS (also known as

colloidal or nano- additivation).
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Figure 5. (a) DLP photopolymerization reaction mechanism [60]. (b) Illustration of DLP 3D
printing technique [61]. (¢) CAD design of hollow spheres and corresponding 3D-printed
samples using magnetic resin via DLP technique [54]. (d) DLP 3D-printed MREs, 3D-printed
flower and 2D structure composed of flexible and rigid elements able to create a 3D cube
when exposed to a magnetic field [62]. (¢) Method to blend NPs of 10s into polyamide for
nanocomposite powder development for SLS 3D printing [63].

In summary, 3D/ 4D printing provides a greater flexibility to develop innovative and intricate
structures of MERPs for various applications. DIW is one of the widely adopted 3D printing

techniques used so far owing to its facile printing method and compatibility to wide range of
15



materials. However, different types of other 3D/ 4D printing techniques have also been
adopted to develop MERPs. Table 1 summarizes studies on the 3D/ 4D printing of MERPs,
where the type of materials, stimulus, and 3D printing technique are listed. One of the biggest
challenges of the 3D/ 4D printing is the development and characterization of the printing
materials as the well-established or commercially available materials cannot directly be used
and need to be modified by adding the magneto-/ electro-responsive fillers. The modification
of printing materials and optimization of each 3D printing technique is different from each
other. The customization of materials and the printing process is inevitable to develop MERPs
via 3D/ 4D printing. Therefore, the knowledge of materials science, polymer chemistry, and
3D printing techniques need to emerge for the successful 3D/4D printing of MERPs. In
summary, Table 2 provides recommendations for the consideration of printing materials and
methods for MERP development via 3D/ 4D printing techniques.

Table 1. A summary of studies focusing on the 3D/ 4D printing of MERPs. The table
summarizes the printing process, the polymeric base materials, type of the responsive

particles and stimuli.

Printing Base

Technique(s) material(s) Stimuli Particle type(s) Category Refs.
AAM/PEG Lithium Chloride DE [65]
PDMS/AAmM Electric field Lithium Chloride [66]
PLA Ag SMP [67]
PLMC CNT [68]
MRSMP and
UA Heat/ magnetic field NdFeB magnetic soft [69]
DIW _— material
Benzophenone Fes0, (4]
PDMS Fe NPs SMP [70]
PUA Magnetic field Modified Alumina Platelets [71]
PDMS/Si0, NdFeB MRE [16]
Silicone ClIPs [32, 72-74]
PEGDA Carbomer Hydrogel [36]
PLA Magnetic field CIP MRP [75]
Functionalized Potassium
Nafion Hydroxide &.Dimethyl IPMC [76]
FDM _ . Electric field Sulfoxide
Aquivion/Nafion - [77]
Carbon fiber [78]
PLA Heat/ magnetic field Fe,0, SMP [55]
- Ag nanowires [54]
DOD Silicone Electric field - DE [41]
. . CIPs [79]
Light- ﬁ:"smd UA Magnetic field Strontium Ferrite/NdFeB MRP 61]
Fe;0, [62]
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Modified Alumina Platelet 80
odified Alumina Platelets MRE [80]

81
PEGDA NPs of 10 [81]
Fe,0, Permanent magnet [82]
Hexanediol .
Diacrylate - Metamaterial [83]
SLS Polyamide - Fe,04 SMP [63]

Table 2. Categories of the 3D/ 4D printing methods for MERP development and
recommendation to select a suitable printing process in terms of printing materials, crucial
printing parameters, and pros and cons of the printing process.

. . . Crucial A
Method Printing material (s) Cruclalzgrr:erreartsenals printing Pros and cons of 3D printing method
P parameters Pros Cons
Shear-thinning Thixotropy Dimensional Facile
Low to high viscous less print speed customization Low printing
link . . . p p Wide range of resolution
Viscosity recovery Rheology (V*) .
materials
DIw Stability of fillers
Heat/ photo-curable (dispersion/sedimentation/ag Dimensionless High viscosity ink Poor layer bonding
glomeration) . : *
. . Uniformity of filler distribution- print height (H") Micro to nano size .
Non-Newtonian fluid . . Anisotropy
morphology active particles
Modification of filaments Extrusion Simple printing Re-extrusion of
. . modified filament is
. Concentration of fillers temperature process needed
Thermopllastlc Thermal behavior of modified
FDM polymer filament filament
(e.g., PLA) (DSC and TGA) Extrusion Low cost Better with nanofiller
. . ! P diameter
Uniformity of filler distribution-
morphology (SEM)
Density Droplet High print
. formulation resolution Only nanosize filler
. - Surface tension
Low viscosity link (Z value)
Viscosity
Rheology
Dob Stability of fillers Nowsle cloaaing is
Heat/ photo-curable (dispersion/sedimentation/ag  Curing Very low viscosity biggest iss%% 9
glomeration) 99
Newtonian fluid ﬂgljg;rglltt}é;f filler distribution-
Filler loading percentage :
Effect of additives Exposer time High rresolution Sagll}rg photo-curable
. . - Rheolo:
Light- | Low viscosity ink Stabilityggf fillers
As‘Z':nted (dispersion/sedimentation/ag Layer thickness  Fast print process Micron-sized
glomeration) particles are difficult
Photo-curable ink only Uniformity of filler distribution- ~ Wait before High surface finish to use
morphology next exposer
. . Printing height Materials medication
Colloid formulation . .
Hatch distance . and print parameter
No support material AT
. . - ) optimization is the
Thermoplastic Laser fragmentation of liquid Laser power required e
SLS olymer powder difficult task
?e Y olpamide) Colloidal additivation Scan speed Expensive machines
9., poly . . ) P Tough and stable
Uniformity of filler distribution- . . )
Energy density materials such as Nanofillers only
morphology (SEM) )
polyamide

* Scanning electron microscope (SEM)

2.2. Conventional Techniques

Despite the recent advantages of the 3D/ 4D printing process, conventional fabrication

processes such as solution mixing, electrospinning, molding, and thermoforming are still used

due to their unique benefits. For example, electro-spinning fabrication method is the key
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technology to creating nano-fibers structures [84]. As mentioned before, various parameters
such as complexity of the structures, production type (e.g., mass or customized fabrication),
size and the accuracy of the final product, applications, manufacturing lead-time and
properties of the samples determine the choice of the fabrication technique. The main
drawbacks of some of 3D/ 4D printing techniques such as FDM are the degradation of drugs
in DDSs owing to high temperatures created by the printing techniques, the discontinuity of
the process, low material variability, low pressure, and long fabrication process time [84].
These factors cause non-uniform residual stresses, weak interlayer bonding, and micro-voids,
which finally may lead to the strength reduction of samples [85]. Figure 6 shows examples of
conventional methods used for the fabrication of MERPs. More information on the fabrication
methods, equipment used, and the characteristics of the MERPs can be found in Table 3. In
this section, the fabrication of MERPs in four areas including material selection, material

preparation, fabrication process, fabrication performance are summarized.
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Figure 6. Examples of various fabrication methods and their ability to create a wide range of
dimensional, geometric, mechanical, physical, and biological properties. More details related
to the images are provided in Table 3.

Table 3. An explanatory information to Figure 6 describing the primary and sub-fabrication
processes, equipment, and characteristics of MERP structures.
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Primary

La.b els in Type fabrication Sub-fabrlca.tlon Characteristics Refs
Figure 6 process process/equipment
* Highly Porous
Maanetic o Ultrasonic mixer e Good Candidates in Microwave
(a) Pol mger Foam Synthesis «Foamin Absorption Applications [86]
Y ing e Good Magnetic Properties
e Good Strong Microwave Absorption
Electro/ Light- -
(b) Responsive Hot-press *Ball milling *Segregated Structure [87]
SMP composite eInternal mixer
¢ Quick Reversible Response
Electro-/ e Melting e Lightweight
Moisture- . . e Mixing e Low Cost
(© Responsive Sandwich layering e Chemical cross-link o Easy Fabrication (s8]
SMP eUV-curing o Flexible
* Highly Sensitive
e Higher Thermal Stability Than Non-
Electro- eFreeze dryer Conductive Hydrogel
(d) Responsive UV-polymerization o . . [89]
*Mixing e The High Impedance at Low Frequencies
Hydrogel Bulk : !
and Low Impedance at High Frequencies
Electro. «Ultrasonic e Faster Swelling
) Responsive Microfluidic o Stirrer e Faster Electro-Response Rate by The [90]
ponsh spinning «UV and free radical Increase of Graphene Oxide Content
Hydrogel Fiber olymerization
poly e Improve Mechanical Property
o Nanostructure
» Ultrasensitive Piezoelectric Property
Conductive and e High Electrical Conductivity
(f) Piezoelectric Electro-spinning  eRecrystallization * High Electro-chemical Stability [84]
Nanofibers ¢ Low Interfacial Charge Transfer
Impedance
* Partly Biodegradable
. . I . e Improve the Proliferation, Adhesion,
(9) Piezoelectric Electro-spinning e Stirrer Osteogenesis Differentiation of Bmscs [91]
Dielectric and
Thermo- e Solution mixing o Multi-Stable and Reconfigurable Shape-
(h) Responsive Stacked layers elaser cutter Morphing (2]
SMP
o Stirrer . . .
(i) MR Gels Synthesis e Ultrasonic vibrator * Characterize thg Stress-Stram Hysteresis [35]
e Phenomenological Modeling
Vacuum dryer
Piezoelectric -
() Thin Film Solution mixing e Ultrasonic : S°°d (t:.e" V]laé’"l'tY Denosit [93]
Nanocomposite ormation of Calcium Deposits
* Higher Osteoblast Cell Adhesion and
Piezoelectric 3D ¢ Solution mixing Proliferation
(k) Fibrous Electro-spinning e Ultrasonic e Stimulating the Growth of The Bone [94]
¢ Coating Tissue
* Biodegradable
«Mixture . ?\//Ie(:)ré'/ull-lulgh Increase in Storage Shear
0 MREs Curing :\I\ilifgil;m chamber e Potential Application in Adaptive Noise 53]
9 and Vibration Control
e Excellent Biocompatibility
Piezoelectric e Higher Burst Strength
(m) Nanocomposite Spray deposmon «Solution mixin . Appllcatlgn in the Field of the Vascular [96]
machine 9 Prosthesis
Elastomer
« High Stability
e Candidate a Small Vascular Prosthesis.
e Thermomixer
Magneto- eHomogenizer ¢ Releasing the MTX Drug By The Magnetic
(n) Responsive Coating . AR [97]
c . e Sonicator Field in Nanoscale
omposite s
* Coprecipitation
’Lasef spot e New Time-Varying Shapes
(0) MREs Curin :mmdm$ . » Significant Potential to Achieve [98]
9 oS;r?ng\)/i::Zrll?ngg Mechanical Functionalities
(forming) e Universal Programming Methodology
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To make MRPs with a thermoplastic matrix, magnetic particles can be added to the matrix at
a temperature either higher or lower than its melting temperature. To add the magnetic
particles above the melting temperature, it is necessary to melt the polymer and uniformly mix
the particles into the polymer matrix by mechanical processes [99]. The micro-compounder

[100] and internal mixer [101, 102] are standard mechanical devices used for this purpose.

Melting temperature, mixing time, and mixing speed are essential factors influencing the
uniformity of the mixture. The solution mixing (or solution casting) is another conventional
method used to fabricate MRPs with thermoplastic matrices. Although this technique is not
cost-effective and environmentally friendly, it is frequently used in the past [103]. In this
method, the polymer is dissolved in a solution and the polymer chains are separated. It should
be noted that the solution temperature can be lower than the melting temperature of the
polymer to facilitate the separation of the polymer chains. Also, to disperse microparticles
(MPs) or NPs into the polymer matrix, a mixing machine (e.g., ultrasonic or stirrer) can be
used [93, 104]. Dissolution time, as a crucial parameter, depends on the solvent type, polymer
type, weight ratio of the solvent to polymer, temperature, mixer rotational speed, and
container dimensions. As an example, increasing the temperature effectively reduces the
dissolution time of the polymer [105, 106]. Various solvents such as poly(ethylene glycol)
(PEQG), ethylene glycol(EG), DMF, tetrabutylammonium perchlorate (TBAP), THF, dimethyl
sulfoxide (DMSO), and sorbitol have been used in the solution mixing fabrication process
[107]. In the selection of the solvent, parameters such as polymer solubility, solvent boiling
temperature, polymer morphology, and safety need to be taken into account [108]. After
dissolving the polymer, the solution can be poured into a mold, and the solvent can be
removed from the polymer matrix using a vacuum oven. Noted that it is also possible to
fabricate thin sheets and coat samples by the solution mixing method [109].

The process of solvent evaporation from the polymer matrix is accompanied by residual stress

and shrinkage, which cause small dimensional changes in the samples after the solvent
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evaporation [110]. To overcome such shrinkages, the structure can be placed in a hot press
(compression-molded) machine after the evaporation of solvents. By controlling various
parameters such as time, temperature, and the press pressure parameters, the dimensions of
the films can be adjusted [111, 112]. Despite the simplicity of the hot press machine, there is
also a possibility to induce micro-cracks and unwanted orientation in the polymer matrix
[106]. In addition, methods such as spin coating/ drop-casting and photopatterning can be
used to create extremely high-resolution patterns on the surface of the MERPs at small scale
[113]. The advantage of these methods is the ability to fabricate a uniform and smooth layer
with a predictable and repeatable thickness. To successfully create those small-scale features,
several fabrication parameters need to be tuned. For example, in the spin coating method, the
adhesion of the solution, the angular velocity of the substrate and the rotation time are among
those parameters that have to be adjusted. In the photopatterning method, though, line widths,
alignment and defects are some of the important fabrication parameters, which have to be
initially determined.

Electro-responsive SMP (ERSMP) and magneto-responsive SMP (MRSMP) as two sub-sets
of MERPs can also be fabricated using such conventional techniques [114] or hybrid
techniques (i.e., a combination of 3D/ 4D printing and conventional techniques). For example,
as mentioned in the FDM 3D printing section, conventional filaments such as PLA can first
be melted, then by adding suitable MPs/NPs (e.g., Fe;0,), new magneto/ electro-responsive
filaments can be fabricated using an extruder machine [78, 115-117]. The new magneto/
electro-responsive filaments are used to make MERPs. The stimulation mechanism in
MSMPs and ESMPs is based on inductive heating and Joule heating, respectively [13].
Therefore, while fabricating MSMPs or ESMPs composites, parameters such as type,
percentage, size, and homogeneous distribution of MPs/NPs in the polymer matrix must be
considered. NPs are more recommended as compared to MPs due to their higher surface-to-

volume ratio, less adverse effects on mechanical properties, and better interface properties.
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It should be noted that to fabricate the ERPs with proper performance, the synthesis of NPs
should be greatly taken into account. For example, synthesis of the 3D-graphene network
increases electrical conductivity, decreases threshold percolation, and improves mechanical
strength, thermal conductivity, and glass transition temperature [118]. Also, another way to
improve the electrical and thermal properties of the polymers is to use hybrid NPs rather than
single NPs [119, 120]. Although polymers such as Polyaniline (PANi) as a conductive
polymer [121] and Poly (3,4-ethylenedioxythiophene) (PEDOT) with piezoelectric properties
[84] already have intrinsic electrical properties (without adding MPs/NPs), adding such
particles remarkably can improve their electrical properties. The fabrication process of
MERPs with a thermoset matrix is somewhat similar to the solution mixing process.
Stabilization of the particles in the polymer solution and thermoset polymers (with a long
solidification/ curing time) is of great importance due to the possibility of particle
sedimentation.

Curing the thermoset polymers, similar to the polymerization process, is a chemically one-
way process due to the formation of cross-links [122]. Before the curing process, synthesis
processes are used to make monomers [123]. Figure 7 shows examples of chemical reactions
to fabricate the MERPs based on the synthesis, curing (by Light [88], heat [124], and
additives [125]), and polymerization steps. In fabricating the MERPs with a thermoset matrix,
the desired mechanical properties can be controlled by regulating the curing/ synthesizing
process (e.g., time-temperature cycle in the curing and post-curing process, the amount of
curing agent, and the percentage of additives) [90]. The incomplete curing process during the
fabrication, may lead to the release of toxic substances in biological applications [126].
Moreover, a shrinkage and residual stress will still occur during the curing process of samples
[127]. In these techniques, the inhomogeneous mixture of particles, their aggregation, and the
improper adhesion of particles are issues influencing the interaction of particles and matrix

polymer, which can be somehow controlled by optimizing the fabrication parameters or
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particle surface modification (e.g,

improving the chemical and colloidal stability,

homogeneous mixture of NPs, tensile strength, initial permeability, rated current, and

magnetic loss) [128, 129].
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Figure 7. Some examples of chemical reactions in fabricating MERPs. (a) BCB-V synthesis
process in four steps to fabricate a DE. After increasing the temperature, BCB-V becomes a
cross-linked network [123]. (b) Schematic of the cross-linking process of poly(urethane
acrylate)/ polycaprolactone (PCL) SMP by UV light to fabricate ERPs [88]. (c) Schematic of
the polymerization process of a conducting hydrogel [89]. (d) Drawing of a synthesis process

23



of gelatin methacrylate/ CNT conductive hydrogels [130]. (e) Illustration of the preparation of
a magneto-responsive drug-release composite system [97]. (f) Schematic of scaffold
fabrication processes by the conventional electro-spinning setup, synthesis of polymer using
layer-by-layer technique and immobilized hybrid capsules [131].

The electro-spinning process can also be used to fabricate MERPs in fibers/ mats shapes at
nano- and micro-scales with a diameter/thickness of around 350 nm up to 1 um [132]. To this
end, similar to the solution mixing method, the polymer must be dissolved. The solution is
converted into fibers by establishing a high voltage difference between the needle and the
collector. Solution flow control, needle diameter, voltage, the distance between needle and
collector, type of collector movement, collector speed, and solution additives are important
parameters controlling the fabrication process (e.g., fibers diameter, the cross-sectional shape
of the fibers, mat morphology, and the mat thickness) [132]. MERP-based samples made by
electro-spinning have been widely used in biological applications due to the simplicity of their
process, porous structure, and the possibility of adding a wide range of additives [91]. For the
bio-related applications, natural polymers such as silk fibroin are suitable candidates for the
fabrication of MRPs due to their excellent cell viability and remote stimulation particularly
for the bone regeneration [133]. In the electro-spinning method, since the thickness of the
fiber is in the micron range, and the bond between the fibers is weak, samples made by this
technique do not have remarkable mechanical properties [133]. Nevertheless, the out-off-
plane strength of structures fabricated by electrospinning can be increased by applying
pressure and heat [134].

Spray-machine deposition can also be used to fabricate samples with axial symmetry and
small cross-sections such as piezoelectric vascular grafts [96]. In this method, the diameter of
the mandrel is small, and no voltage is used to shape the polymer. Also, several spray-
machines in this method can be used simultaneously to spray different types of polymer
composites. For this purpose, foaming methods have been used to fabricate MERPs with 3D

porous structures. To fabricate the MERP foams, physical or chemical blowing agents can be
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used. By mixing gases, such as N,, CO,, CH,, and H,, in the polymer melt, a porous structure
is created. Also, porous structures are created in the polymer matrix by penetrating the gas at
a temperature lower than the melting temperature and by controlling the thermodynamic

conditions.

3. Experimental Characterizations of MERPs
3.1. MRPs

To measure various MR properties of an MRP, either a universal testing setup equipped with
a device that can apply a magnetic field or a dynamical mechanical analyzer (DMA) attached
to a device capable of applying a magnetic field is used. These rheological properties include
measuring pure mechanical moduli (e.g., shear modulus, storage, and loss moduli) and the
corresponding magnetic field-dependent moduli. The differences between pure mechanical
properties and field-dependent properties will quantify the influences of the magnetic field.
For instance, if E is termed as the elastic modulus at the null magnetic field while E; is the
same at a specified magnetic field, then, the difference between the two moduli, i.e,
(Ey — Ep) will simply give the absolute value of the so-called MR effect. Sometimes, it is
convenient to calculate the MR effect in terms of the relative value [73]. It should be
mentioned that in this section, we will elaborate on the characterizations of soft MRPs only.
However, these experimental techniques can also be applied to hard-magnetic soft MRPs.

The characterization of MRSMPs/ERSMPs and magnetic (or electric) hydrogels, as the two

main subsets of MERPs in biomedical applications, have widely been investigated [116, 135-

139]. Nevertheless, further efforts are needed to elucidate the characterization of such
materials, particularly, MRSMPs/ERSMPs. More specifically, in the modeling of
MRSMPs/ERSMPs and magnetic (or electric) hydrogels, there are not enough constitutive
modeling capturing their SME coupled with stimuli responsiveness. Despite the mentioned

advantages of MERPs such as fast response, remote actuation, two-way behavior and SEM,
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the main advantage of employing magnetic and electric responses in hydrogels and SMPs is
their ability to make them more biocompatible in biomedical applications. For example, the
glass transition temperature of PLA, as a common SMP, is around 60 °C-80 °C, which is
larger than body temperature. One promising way to decrease the activation temperature in
such SMPs is to use magnetic particles not only to make them remote actuation, and fast, but
also to decrease the activation temperature around body temperature [116]. To model this
phenomenon, there is only one model developed by the authors [8], which can effectively
predict such temperature decreases upon magnetic and electric fields in MRSMPs/ERSMPs.
Another interesting characteristic of employing magnetic particles into SMPs and hydrogel
matrices is to increase their stiffness. For example, in thermo-responsive SMPs, during the
recovery of SMP (i.e.,, heating step), SMP behaves very softly which limits its ability,
particularly, in soft robotic applications. To settle this issue, magnetic particles (or droplets of
magnetorheological fluids) can be encapsulated into a matrix to give a purely MRSMPs which
is not sensitive to heat [136]. Similarly, in electro-responsive hydrogels, by spatially
controlling the distribution of electric field, more freedoms can be added to the hydrogel in
achieving complex shapes [140]. To do so, the characteristics of the hydrogel including the
effect of salt or different electric fields or different polarities should be investigated [140].
The current challenges in the characterization and manufacturing of MRSMPs/ERSMPs and
magnetic (or electric) hydrogels are biocompatibility, biodegradability, energy efficiency,
ability at small scale and response time [141].

In addition to characterizing the MR properties of MRPs, it is essential to investigate the
mechanical responses of MRPs (e.g., stress-strain behavior) under a magneto-mechanically
coupled load. For this purpose, several modes of deformations including uniaxial (both
compression and tensile) tests, pure shear tests, and equi-biaxial tests are usually tested.

Among others, due to their vast applications, the shear and uniaxial compression tests are
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widely used. All major testing modes used in magneto-mechanical characterizations are
schematically illustrated in Figure 8.a.

3.1.1. Uniaxial Compression and Tension Tests

One of the earliest applications of MRPs was in the area of shock and vibration absorption
[18]; hence compression and shear modes of deformations under magneto-mechanically
coupled loads have extensively been investigated so far [73]. For compression tests, a
traditional testing machine that is usually employed to perform mechanical compression tests
can be used. However, it needs to be equipped with a magnetic device using either electro-
magnets or permanent magnets. For instance, Kallio [142] performed static compression tests
on MRPs up to 6.5% strain in which a magnetic flux of 1.0 T was used (see Figure 8.c(I)).
Similarly, Gordaninejad et al. [143] conducted compression tests up to 20% strain on
RTV615A (vulcanized at room temperature) and RTV615B silicone elastomers as the matrix
materials in which compressive moduli versus strains at various magnetic field strengths are
reported, which clearly depicts the increase of moduli under an applied magnetic field (see
Figure 8.c(Il)). In a recent review paper on MRPs, Bastola and Hossain [73] found that the IP
concentrations used in various experiments for MRPs vary ranging from 4.45% to 33% by
volume.

Similar to compression tests, a significant amount of tensile test data for MRPs are available
in the literature. A representative stress-strain data under magneto-mechanically coupled
tensile load is given in Figure 8.d [144, 145]. As expected, under a magnetic field, the total
stress is increased compared to the stress measured under a pure mechanical load. However,
the influence of the applied magnetic field is much more pronounced at small strains. That is
because MRPs are being separated resulting in weak particle-particle interactions at large
strains, which will further reduce the magnetic part of the total stress. Similarly, the MR effect
decreases rapidly with increasing strain levels in the tensile tests. As Bastola and Hossain [73]

systemically analyzed, magneto-mechanical experimental data under tensile loads are
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available up to 100% strains with varying concentrations of (iron particles) IPs both for
isotropic and anisotropic composites. Furthermore, Hernandez et al. [146] performed tensile
tests on isotropic MRPs with particle contents ranging from 20% to 70 % (by wt.%) in which
Ecoflex, a widely applied silicone elastomer, was used as the matrix material. To the end, they
concluded that with a magnetic flux density of 52 mT, a MRP composite with 63 wt.% of IPs
could demonstrate the maximum MR effect of 140%. However, this relative MR effect is still
lower compared to the MR effect reported by Stepanov et al. [144].

3.1.2. Simple Shear Tests

As mentioned in the previous section, MRPs were mainly used in the areas of vibration
isolators and shock absorber devices [73]. Therefore, it is imperative to perform experimental
studies under magneto-mechanically coupled shear loads. Therefore, both single lap shear and
double lap shear tests have been conducted before. Strain levels and strain rates are much
lower in the shear mode of deformation, comparing to uniaxial tension/ compression setups.
Shear experimental results conducted by Schubert and Harrison [145] provide a
comprehensive picture. Therein, it was found that there is a contrary dependency between
strain and the MR effect (see Figure 8.b).

3.1.3. Biaxial Tests

As was explained in the previous section, sometimes, particles are aligned in a preferred
direction during the curing process of MRPs fabrication [14]. It is not always the case that
particles are aligned perfectly in a particular direction. Therefore, experimental
characterizations should be performed taking into account the directional-dependent
mechanical responses. However, experimental study using biaxial setups is not trivial. Hence,
very few data are appeared out of biaxial or equi-biaxial tests. For the first time, Schubert and
Harrison [147] have successfully performed equi-biaxial tests both on isotropic and
anisotropic MRPs under magneto-mechanically coupled loads. For the study, they used

commercially available silicone rubber MM 240TV and samples were extended up to 10% in
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both directions. For that, they developed a bespoke test rig as shown in Figure 8.b. Such a rig
is more suitable for experimenting anisotropic MRPs in which magnetic fields can be applied
in two different directions either along the particle alignments or perpendicular to them. The
relative MR effect up to 74% at a magnetic flux density of 67.5 mT was reported for the
anisotropic MRE when the applied magnetic field is parallel to the chains of particle
alignment. Moreover, Zhou et al. [148] and Gorman et al. [149] used bubble inflation test
setups that represent equi-biaxial mode of deformation, to measure the fatigue behavior of
MRPs.

Fatigue life is a critical parameter for determining the performance of MRPs as they often
experience cyclic loadings in their lifetime. For this reason, several studies have been
conducted on MRPs to quantify their fatigue lives not only under purely mechanical loads but
also under magneto-mechanical types of loading. For an extensive overview on the topic of
MRPs’ fatigue behavior, more information can be found elsewhere [73]. As polymers are
usually susceptible to temperature fluctuation, the fatigue tests of MRPs have to be conducted

in temperature-controlled conditions.
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Figure 8. (a) Experimental samples prepared for magneto-mechanically coupled study in
various modes of deformations taken from Bastola and Hossain [73]. (b) a bespoke biaxial
test setup made by Harrison and Schubert and Harrison [147]; (I) an anisotropic MRP sample
for the pure mechanical test (II) Experimental set up while a magnetic field is applied in a
MRP sample in which the field is applied in y-direction parallel to the particle chains of

aligned MRPs. (c) Uniaxial compression test results with varying magnetic field as obtained
(D) by Kallio [142] and (IT) by Gordaninejad et al. [143]. (d) Uniaxial tensile test results under
different amounts of magneto-mechanically coupled loads. (I) Stepanov et al. [144] performed
tests on isotropic MRPs while (II) Schubert and Harrison [145] used anisotropic MRPs. (e)
Pure shear experiments of isotropic and anisotropic magneto-responsive composites
conducted by Schubert and Harrison [145]; (I) The influence of magnetic field at the various
percentage of fillers, (II) MR effect in both isotropic and anisotropic MRPs.

3.2. ERPs

In contrast to the vast efforts of synthesizing novel ERP materials, extensive experimental

investigations consisting of all major characterization techniques are scarcely available in the

literature. ERPs are typically viscoelastic materials. Hence, they need to be characterized

considering all key techniques suitable for investigating a large deformable viscoelastic

material. These procedures include loading-unloading cycling tests at various strain rates,
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simple and multi-step relaxation tests, creep tests under stress/ force-controlled mechanisms,
time-dependent fatigue-fracture tests, quasi-static tests at very slow strain rates. Moreover, the
same tests must be reproduced under electro-mechanically coupled loads to understand the
influences of electric voltage on the material responses. Pure viscoelastic characterizations of
typically used DEs (e.g., VHB, silicones, PU) were extensively conducted before [35, 150-
153]. In the following sections, some major experimental characterizations will be described,
which have been used over the years to understand electro-viscoelastic behavior of ERPs,
particularly for use in actuators.

3.2.1. Electro-Viscoelastic Characterizations

In practical applications, ERP samples are mainly deformed under three basic modes of
deformation, e.g., uniaxial tension, equi-biaxial tension, and pure shear. Moreover, in most of
cases, polymers are pre-stretched up to 200%-500% to make them thinner enough before
applying electric voltages in all of the three deformation modes. For the uniaxial mode, a
sample is stretched in one direction (typically this direction is much longer compared to two
other directions) and the other two directions are kept free to contract. Some common
applications of the uniaxial deformation mode include wearable multi-function textiles such
as smart shirts and sensorized sleeves [154]. In contrast, most energy harvesting devices, soft
micro-robots, artificially moving fish, micro-pumps, disk drives, and pneumatic valves
loudspeakers [155] mimic the so-called equi-biaxial deformation mode in which an ERP
expands in two directions and contracts in the third direction in order to maintain the
incompressibility characteristics of a polymeric material. Moreover, in some technological
applications such as haptic feedback, prosthetics hands, artificial muscles, artificial skins, and
soft grippers, ERP materials are pre-stretched using a pure shear mode [154]. In this section,
we will briefly outline some of the key electro-viscoelastic experimental characterizations
under the three deformation modes.

Uniaxial Tensile Tests

31



Experimental characterizations of ERPs under electro-mechanically coupled loads are very
rare in the literature. Several bottlenecks are responsible for such scarcity of experimental
data. In order to obtain reasonable amount of actuation, a high voltage (in the range of 5-10
kV) is required, which needs to be generated using high amplifier machines (e.g., TREK 610E
high voltage amplifier from Trek Inc, USA). These are costly and complicated setups
associated with high human risk factors. Moreover, most of the commercially available
polymers used as ERPs appearing in several millimeters thickness, which need to be reduced
to micrometer scales to induce sufficient amount of actuation strains. It should, however, be
noted that pre-stretching also requires a delicate experimental setup, which also reduces the
service life of ERPs [156]. In the case of uniaxial tests under electro-mechanical coupled
loads, the situation becomes even worse. Typically, for a homogeneous uniaxial geometry, a
10:1(length: width) ratio is maintained. Moreover, a small portion of the width needs to be
excluded for the compliant coating, which eventually violates the uniaxial geometrical
conditions (all parts should be under electro-mechanical loads). Therefore, so far, there is no
ideal test setup for conducting uniaxial tests under electro-mechanically coupled loads.

An efficient test procedure, which is very close to a uniaxial geometry that creates an almost
homogeneous strain without pre-stretching the samples has recently been demonstrated [157].
A simple but efficient custom-made holding frame to prepare the samples were developed as
shown in Figure 9.a and b. The framework helps preparing the samples efficiently with
minimum disturbances prior to any actual tests. The free length between two clamping plates
is 70 mm while a 30 mm coated width is used for applying the voltage. In order to prevent
any short-circuiting, a few millimeters (5-10 mm) area is kept uncoated on both sides
throughout the entire length of the sample. Such experimental data help validating novel
electro-mechanically coupled constitutive models at large strains [158].

Pure Shear Tests
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For homogeneous pure shear tests, a sample is prepared in a way that the mechanical loading
direction is much smaller than the width direction (Figure 9.d.I). Hence, this mode of
deformation has the advantage of creating a larger ratio of active area (i.e.,, area with an
electrode) to the passive area (i.e., area without an electrode). Despite several efforts in
conducting experiments for the pure shear case under mechanical loads, experimental
characterizations using electro-mechanically coupled loads are very few in the literature.
Moreover, few available tests were performed only on pre-stretched samples. For instance,
Chen et al. [159] create pure shear geometry after pre-stretching the sample (10x160%0.7
mm? in dimensions after pre-stretching) with 100% strain in the lateral direction before
clamping it with two pairs of plastic plates, see Figure 9.c. In pure shear setup, a sample has
sufficient space in the lateral direction. Hence, it can be coated with a conductive electrode
(e.g., a conductive grease in most cases) with small free areas in both sides to avoid any short-
circuiting. It should be noted that the magnitude of pre-strain has a remarkable effect on the
stress-strain response and electro-mechanical coupling of ERPs. Afterwards, they conducted
standard electro-viscoelastic tests using loading-unloading cycles, single-step relaxation tests,
and creep tests, which also are useful in validating electro-viscoelastic models. Note that what
Chen et al. [159] did is a modified version of the pure shear test performed by Hossain et al.
[160]. There are also some other studies that pure shear geometry with pre-stretched samples
was used to predict various instabilities, significantly, observed during the operation of the
devices made of ERPs [161-164]. Noteworthy to mention that all mentioned studies used
VHB (3M), one of the most widely used polymers for the electro-mechanical

characterisations.
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Figure 9. (a) a bespoke experimental setup for uniaxial tests prepared by Mehnert et al. [157];
(I) an undeformed coated sample (II) Deformed sample under an electro-mechanically load.
(b) Stress-strain cycles at different voltages, and the influence of electric voltage on the
thickness direction, i.e., release of stress in the vertical direction [157]. (c) a pure shear
experimental setup advocated by Chen et al. [165], top view of a coated sample maintaining
pure shear geometry and a cross-sectional view of the sample and clamps. (d) Electro-
viscoelastic response of VHB 4910 polymer; (I) Stress-strain response at different voltages
(fixed strain rate) (II) The same behavior with different strain rates [165]. (e) a classical setup
for conducting equi-biaxial electro-mechanical tests, a centrally coated sample before the
application of electrical voltage, and actuated sample surrounded by a passive zone, taken
from Wissler and Mazza [166]. (f) Time and voltage-dependent radial strain for (I) a 300%
pre-strain (II) a 400% pre-strain [166].
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Equi-Biaxial Tests

In contrast to the electro-mechanically coupled experimental characterizations of uniaxial and
pure shear types, there have been significant efforts in producing biaxial and equi-biaxial
experimentations. The reason is that the preparation of biaxial and equi-biaxial geometries for
electro-mechanical tests are comparatively easier in which a larger geometry can be prepared,
which helps in obtaining a significant amount of actuation. Moreover, in these settings,
thinner samples can be obtained after a sizeable amount of pre-stretching. In addition, large
uncoated free areas can be kept to avoid short-circuiting. For actuation purposes, most of the
ERP geometries are of very thin sheets that are prone to various kinds of instabilities, e.g.,
buckling, wrinkling, creasing, pull-in and pull-out instabilities [ 167, 168].

A sizable number of experiential studies dealing with instability analyses of ERPs has been
characterized using biaxial and equi-biaxial geometries. For instance, Wissler and Mazza
[166] used an equi-biaxially stretched circular actuator to carry out tests characterizing ERPs
under loading-unloading cyclic deformations in which electro- and mechanical loads were
applied simultaneously. The study revealed that the circular actuator expanded gradually in
the radial direction under an applied voltage (Figure 9.e and f). Furthermore, using the
experimental findings, they formulated a large strain model that explored the so-called quasi-
linear viscoelastic approach. The model can predict the increasing radial strain as a result of
the Maxwell stress, which was originating from an electric voltage. Similarly, Bai et al. [169]
performed experiments on a circular DE actuator under a loading-unloading cycle. For that,
they used two different electrodes; a conductive hydrogel electrode and a widely-used carbon
conductive grease electrode. Moreover, to predict the electric-field induced actuation strains,
they used an electro-viscoelastically coupled constitutive model available in the literature
[170]. Furthermore, in contrast to the actuator mode of operation, Huang et al. [171]
performed experiments on a DE energy generator under an equi-biaxial setting aiming to

calculate how much energy was generated in each loading-unloading cycle. Interesting to note
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here that, similar to the experimental works for the uniaxial and pure shear modes of
deformations, all the above-mentioned equi-biaxial studies were conducted only on VHB
polymers (3M).

Despite significant progress in the experimental characterizations of ERPs under pure
mechanical and electro-mechanical loads, very few studies are available in which temperature,
in addition to the mechanical and electric fields, is considered. For instance, Guo et al. [172]
performed thermo-electro-mechanical experiments on a classical acrylic polymer (VHB, 3M)
in which they used uniaxial-type of tests ranging from -20 °C to 80 °C. Mehnert et al. [157,
173] also conducted an extensively thermo-electro-viscoelastic study on a VHB polymer.
They subsequently developed finite element models accounting for the temperature effects on
ERPs. ERP structures experience multiple loading-unloading cycles during their service life,
hence fatigue study is crucial for their practical applications. For instance, Fan et al. [174]
performed a fatigue study of VHB4910 polymer typically used as ERPs under mechanical
loads, while Chen et al. [175] performed a similar experiment under electro-mechanical
loading conditions in which high electric voltages were used (5-10 kV).

4. Applications
4.1. Tissue Engineering (TE)

TE aims to regenerate tissues or organs more efficiently by adopting approaches that improve
the repairment or replacement processes in the damaged tissues. Conventionally, biological
grafts have been used for tissue regeneration and healing processes [176]. However,
conventional grafts have many drawbacks, such as donor morbidity, potential rejection,
inflammation, and prolonged healing time [177]. Recent advances in TE have made it
possible to boost the regeneration process by using porous scaffold biomaterials, perfused
with nutrients and growth factors to promote cell attachment and migration. Also, the use of

electro/ magneto-responsive (polymeric) materials can provide new opportunities to develop
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smart biomaterials showing certain mechanical or biological cues for tuning the cell
mechanobiology.

Natural or synthetic polymeric biomaterials need to posse particular chemical-physical
characteristics suitable for TE applications. First and the foremost, they have to be
biocompatible that can be integrated into the biological environment without revoking any
deleterious immune responses such as inflammation or rejection. Moreover, scaffolds or
injected biomaterials may need to gradually be biodegraded at a biodegradation rate
comparable to the regeneration growth rate [178]. Also, the by-products of such degradation
process should be safe and non-toxic [179]. Finally, those biomaterials have to provide
appropriate mechanical properties (e.g., high ductility, tensile and compressive strength, and
flexural rigidity).

Among different natural polymers, hydrogel has found its way into the fabrication of 4D-
printed biomaterials. This is because hydrogels are biocompatible and can be used for 3D
bioprinting of cells making them a great candidate for a broad biomedical applications such as

DDSs [180, 181] and TE [182]. Hydrogels can also be used as a based material for embedding

magneto/electro particles enabling them to exhibit reversible shape-morphing characteristics
when triggered by external electric or magnetic stimuli.

The physical stimuli such as electric or magnetic actuation, trigger the mechano-transduction
signaling pathways in cells, promoting cell differentiation, proliferation, and
immunomodulation [183]. In the engineering of electro-responsive tissues such as cardiac and
neural tissues, electro-conductivity is also instrumental. Therefore, most of the endeavors
aimed at tuning the electrical properties of the biomaterials (e.g., Polypyrrole (PPy) and PANi
as two common ERPs used in TE [184] or embedding various nanoparticles such as CNFs,
CNTs, and graphene-based nanomaterials into a polymer as ERPs to make multi-functional

biomaterials [ 184, 185]).
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Magnetic actuation strategies have been mainly applied in the forms of scaffold-free TE
assisted by magnetic particles [186, 187] and magneto-responsive biomaterial scaffolds [188-
190]. Using magnetic forces as stimuli have several advantages such as improved cell survival
and reduced apoptosis by increasing anti-apoptotic agents [191]. Besides, the employment of
magnetic particles in conjunction with magnetic actuation offers unique possibilities to
remotely control cellular activity. In this section, we summarize the potential applications of
MERPs in the engineering of bone, cartilage, cardiac, neural tissues and other organs (see

Figure 10).

Growth Factors
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Figure 10. Schematic illustration of MERPs in TE: process, stimulation methods, and

applications.

4.1.1. Bone Tissue Engineering

A significant part of research in the applications of magneto-/ electro-responsive biomaterials
in TE focuses on bone tissue engineering (BTE). The proper biomaterial scaffolds for BTE

need to be biocompatible, bioresorbable (in most cases) and show osteoconductive, or
38



osteoinductive properties to facilitate bone growth [192] .Mineralization and sufficient
vascularization are other crucial elements in BTE, particularly for the reconstructions of larger
implanted tissues as the core of such scaffolds need to receive enough nutrients and oxygen
[193].

Using magnetic-responsive biomaterials can promote osteogenesis gene expression and
improve mineralization processes. As an example, Filippi et al. [194] proposed a novel
magnetized nanocomposite hydrogel by embedding magnetic particles into PEG-based
hydrogel. The scaffold was seeded with stromal vascular fraction cells and was exposed to a
static magnetic field, which resulted in a dramatical increase in the expression of
osteogenesis-related genes and, consequently, improved mineralization and osteoblastic/
vasculogenic properties.

Furthermore, introducing ECM into the preparation process of magneto-responsive hydrogels
may help better mimicking the native microenvironment surrounding the cells, as being
demonstrated in past by determining various characteristics of hydrogels such as stiffness,
gelatin kinetics, and ultrastructure [195]. As an example, Silva et al. [190] developed a
magneto-responsive hydrogel composed of methacrylate chondroitin sulfate (MA-CS) in
which MA-CS coated magnetic nanoparticles were covalently linked to the MA-CS matrix.
The hydrogel, containing osteogenically differentiated adipose-derived (or tendon-derived)
stem cells, resembled the ECM interactions in tendon-to-bone when triggered in the magnetic
field. In magnetic scaffolds, given the distribution of magnetic particles, different cell
behaviors and regenerations can be achieved. That means, homogenous distribution of
magnetic particles accelerates the regeneration process but the new cells may not sufficiently
mature; while, inhomogeneous distribution results in less bone formulation but they are
relatively mature [196].

Composites of nanohydroxyapatite-coated y-Fe,0; NPs and Poly(vinyl alcohol) (PVA)

results in magneto-responsive hydrogels, which demonstrate outstanding potentials in BTE
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through promoting the adhesion and proliferation of human osteoblast cells [197].
Implantation of electro-responsive nanofibers and scaffolds can also promote osteogenic
differentiation [198] and boost the formation of a mineralized matrix [199]. For example, to
improve the inherent osteoinductive, antibacterial and osteoimmunomodulatory properties of
collagen scaffolds, bioactive elements possessing the above-mentioned properties can be
doped [200]. These strontium and silver collagen scaffolds provided satisfactory
osteoimmunomodulatory and antibacterial properties. Bone regeneration is interconnected to
other soft tissues (e.g., cartilage, muscles, nerves, and vessels). It is, therefore, crucial to
comprehensively consider the key regeneration factors necessary for all of these tissues.

4.1.2. Cartilage

While cartilage damages are common among connective tissue diseases, their avascular
nature, and complex ECM prevent their regeneration. One type of hydrogels that has shown
positive results in the engineering of cartilage is fibrin-agarose hydrogel with the possibility
of encapsulating elastic cartilage-derived chondrocytes [201]. Magnetic particles incorporated
in the fibrin-agarose hydrogel showed improved biomechanical properties and expressed
native cartilage ECM [202] although it did not fully mimic the native soft tissue. This was
because the human hyaline chondrocytes did not fulfill the maturation criteria in the
biomaterial during the culture time. The gelatin-based magneto-responsive hydrogels actuated
non-invasively by magnetic field have also exhibited great potentials as scaffolds for cartilage
tissue repair engineering [203].

The pulsed electro-magnetic field’s effects on the bone marrow mesenchymal stem cells
(BMSCs) demonstrated drastic improvement in the chondrogenic differentiation and
proliferation [204]. Another application of magnetic-responsive hydrogels includes stem-cell
therapy for cartilage repair. In a recent study, Yang et al. [205] developed a hydrogel with
kartogenin-grafted ultrasmall superparamagnetic iron oxide (SPIO) NPs that improved

BMSCs differentiation and demonstrated chondroprotective effects.
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4.1.3. Cardiac Tissue Engineering

Cardiac tissue engineering (CTE) aims to design and fabricate structures to replace the injured
or missing cardiac tissue, to improve the cell-based therapies for cardiac regeneration, or to
regulate cardiovascular homeostasis by mimicking the heart tissue (with its all physiological
and mechanical properties). Considering the inherent conductive nature of cardiac tissue,
electro-responsiveness and conductivity of the material can play a key role in obtaining good
functionality in electrical signal propagation and synchronous contraction [206]. The PPy-
PCL platform shows a resistivity similar to those of the cardiac tissues [207]. The
cardiomyocytes cultured on this platform showed a faster calcium transient velocity, and more
Cx-34 protein present proximate to the cells. PPy in the form of NPs and PPy coated poly
(lactic-co-glycolic acid) (PLGA) scaffolds have been used in CTE to enforce cardiogenic
differentiation and synchronous beating [208, 209]. The incorporation of CNFs in polymers or
hydrogels contributed to the enhanced electro-conductivity, improved synchronous heartbeat,
and improved cell survival and intercellular transitions (attributed to an increased expression

of connexin-43) in the heart tissue [210, 211]. For instance, PVA-chitosan-CNF and multi-

walled carbon nanotubes-PVA-chitosan increased the adhesion of MSC to the scaffold and its
differentiation to the cardiomyocytes and enhanced its intracellular activities (i.e., calcium
handling, phosphatase, transcription factor activation, protein kinase expression and activation
[212, 213]).

The possibility to increase the flexibility of hydrogels makes them an appropriate candidate
for in-vivo application, particularly when ventricular remodeling occurs, which may lead to
congestive heart failure [214]. As an example, Namdari and Etemadi [215] synthesized a
magneto-responsive hydrogel by dissolving N-Isopropylacrylamide-based nanogel in NaOH
in the presence of curcumin and magnetic particles. The resulting hydrogel showed
cardioprotective effects against the doxorubicin-induced cardiac toxicity. Besides, myocardial

infarction occurred when a coronary artery was occluded and, consequently, the heart muscle
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was irreversibly necrosed. In this case, a mechanically suitable and biocompatible patch could
help with conveying oxygen and electro-reaction to the damaged tissue. As another example,
Kapnisi et al. [216] devised an auxetic cardiopatch based on a network of PANi and phytic
acid grown on a chitosan surface. The proposed patch mechanically supported the tissue while
being conductive. In a very recent study, cardiac HOC2 and primary cardiomyocyte cells were
magnetically labeled and then relocated using magneto-phoresis, resulting in biomimetic
multi-layer 3D-aligned cell constructs promising for CTE [217].

4.1.4. Nerve Tissue Engineering

Central nervous system or peripheral nervous system impairments caused by genetic disorders,
injuries, infections, or any other possible reasons, directly affect the quality of life of these
patients. Restoring a damaged neural tissue is complicated mainly because of its complex
physiology and limited regrowth performance [218]. Natural or synthetic polymers have been
used in neural engineered scaffolds. In particular, hydrogels, as an alternative to the
conventional grafts have been utilized for the nerve conduit, especially for the peripheral
nerves such as sciatic, peroneal, or median [219]. As an example, using polymer fibers with
encapsulated SPIO NPs, Omidinia-Anarkoli [220] introduced a magneto-responsive injectable
hydrogel with unidirectional signal propagation capability and neurite outgrowth. In this so-
called Anisogel, aligned PLGA were electro-spun and micro-cut into short fibers, and then the
excess of gel was washed away in the distilled water. These short fibers were later added to a
hydrogel precursor and then, under a low magnetic field (<300 mT), the fibers were oriented
(see Figure 11.a). Another recently investigated biomaterial is electro-responsive collagen/
PPy-b-PCL hydrogel, whose rheological properties and cytotoxicity analysis are auspicious
for the 3D-printed neural constructs [221].

4.1.5. Other Tissues

As mentioned before, the magnetic and/or electric stimuli can provide dynamic

microenvironments (e.g., dynamic cell culture) with better cell responses (cell proliferation
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and differentiation) rather than static cell culture. For example, in muscle tissue engineering,
using the combination of poly(vinylidene fluoride) (PVDF) and magneto-responsive CoFe,0,
NPs, cell proliferation and differentiation (C2C12 myoblast cells) were enhanced under the
mechanical and electrical stimuli [183] (see Figure 11.b).

Another way to provide a dynamic cell culture is to use a mechanical stimulation of cells, i.e.,
mechanical bioreactor [222]. This can be done directly using stimuli-responsive materials
such as DEs to induce tension/ compression deformations. This deformation can be controlled
in such a way to positively affect the gene transfection performance as well [223, 224]. From
the mechanobiological perspective, it is important to measure the forces applied to cells from
the substrates/scaffolds. The stimuli-responsive materials in general and MERPs, in particular,
can act as a biosensor to determine the applied cell forces. Another application of MRPs in TE
is hyperthermia treatment of the tumor under the application of stents. For this application,
iron-based magnetic NPs with different concentrations were added to a polypropylene-based
polymer to prepare a tissue-like gel and then the performance of the stent (e.g., heating
efficiency upon magnetic field) was investigated under an alternating magnetic field [225].

It is worth mentioning that several numerical and computational studies on the function of
electro-responsive hydrogels in the engineering of tissues and organs have recently been
conducted to facilitate TE [226, 227].

4.1.6. MRSMPs in 4D-Printed Tissue Engineered Devices

The applications of SMPs in biomedical engineering and regenerative medicine have become
recently more common. This is because SMPs can be combined with 3D/ 4D printing
technologies making them morphologically controllable and personalized [228]. SMPs can be
used in the design and fabrication of various types of biomedical devices such as bone
scaffolds [229], stents [230], or occlusion devices [231]. While various stimuli can trigger
SMPs, here we focus only on the MRSMPs and ERSMPs. As an example, 4D-printed PLA/

Fe;0, composites with different mass fractions were investigated in terms of shape fixity and
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recovery ratio [232]. There are several studies on the biomedical application of MRSMPs
based on PLA/MPs such as porous bone tissue scaffolds and bone repair tools [55, 115, 232].
For example, Zhao et al. [55] proposed a personalized tracheal scaffold that recovered its
shape under 30 kHz alternating magnetic field (AMF) in 35 seconds (see Figure 11.c).
Besides, due to the SME, biodegradability, remote controllability, and fast response of
MRSMPs, they are also a prominent candidate against congenital heart diseases as occlusion
devices. For such applications, a magneto-responsive 4D-printed occluder made of
PLA/Fe;0,4 was fabricated and implemented into male rats with 16 s deployment time [128]
(see Figure 11.d). Other promising applications of SMPs include injectable ultrathin films in
which the polymer can be functionalized by SPIO NPs. As an example of this application, a
PLGA-based MRSMP nano-sheet with a height of less than a micrometer was proposed as a

possible material for TE and delivery systems (see Figure 11.e) [233].
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Figure 11 (a) Schematic illustration of Anisogel Preparatlon I) Electro -spinning of aligned
fibers II) Rinsing the fibers and micro-cutting III) Adding the short fibers to the hydrogel
precursor IV) Exerting magnetic force to obtain Anisogel [220]. (b). Immunofluorescence
staining of the C2C12-seeded PVDF/CoFe,0, with 10% fetal bovine serum on day 5 under
both static and dynamic conditions [183]. Row 1, 2 and 3 show the presence of the C2C12
cells on non-poled, poled — and poled + samples. (c) a 4D-printed magneto-responsive bone
scaffold [116]. I) Shape recovery behavior of the 4D-printed composite structure in a
magnetic field. (II) a simulation showing the mechanism of the 4D-printed structure as a bone
repair tool. (d) The recovery stages of a 4D-printed occluder based on PLA/Fe;0,
implemented in a male rat under a magnetic field [234]. (e) Syringe-injectable self-

expandable magneto-responsive nanosheet that can be guided by an external magnetic field
[233].
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4.2. Drug Delivery Systems (DDSs)

Advance in medicine demonstrates an extensive demand to improve the administration of
drug efficacy and safety [235]. Traditional drug managements are not essentially effective and
suffered from the rapid clearance from the body leading to the high drug dosage and longtime
therapeutic periods. Furthermore, they are not reaching the desired efficacies for the adverse
side effects and toxicity as a result of off-target therapy [236, 237]. In this regard, DDSs have
revealed notable potentials in recent years to address these deficiencies [238]. Up to now, an
infinite range of innovative materials and methodologies has been produced and are
constantly evolving DDSs to efficiently improve drug therapeutics. The ideal DDS would be
applied in-vivo providing excellent biocompatibility, controllable drug release, effective
cellular uptake and precisely targeting the cells that cause disease. As this is challenging to
achieve all the above-mentioned factors at a specific DDS, it has continuously led to
expanding research area to design a wide range of materials and methods. Stimuli-responsive
materials have shown great potentials promising to impart these desirable properties [235,
239].

By rapid advances in the field of nanotechnology, various range of nanostructures has been
explored such as drug carriers, which their main role is avoiding both high cytotoxicity (i.e.,
overdose) and ineffective treatment (i.e., under-dose) [240, 241]. However, most drug carriers
have been afflicted by a low rate of drug release, deficiency of high drug loading, and poor
performance [241]. To overcome these limitations, stimuli-responsive materials are very
efficient strategies for specific and effective drug delivery applications[241]. The
incorporation of NPs into the functional polymers has become one of the most promising
strategies that take the advantage of nanomaterials [242]. Mainly, there are two types of
stimuli-responsive materials that respond to: I) intrinsic stimuli, such as acidic pH, high redox

potential, up-regulated enzymes, and hypoxia, II) external stimuli, including heat, ultrasound,
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ionic strength, pressure, electric and magnetic fields [243, 244]. By utilizing the external
physical stimuli, it is possible to remotely control the drug release and diffusion through the
reversible changes in the physical and/or chemical properties of the polymers such as
microstructures, surface charge, and phase volume [245-247]. That means, the polymer
returns to its original state after the removal of the stimuli. Among these, MERPs attract much
attention due to their unique properties, which lead to the capabilities of control over the drug
release concerning dosage, location, duration, and even timing [241]. Here, we highlight the
recent developments of various MERPs in DDS with a specific focus on their advances in the
control of drug release and targeting of specific locations.

4.2.1. MRPs

There are numerous numbers of magnetic particles among which, IO NPs, including Fe;0,
and y-Fe, 03, have been extensively utilized in magneto-responsive DDS due to their easy
synthesis, biocompatibility, and low toxicity as they are one of the essential nutrients for

mammals and most other life forms [248-250]. In addition, the superparamagnetic properties

of iron oxide nanocrystals (e.g., SPIONs), have made them a powerful tool for remotely
controlled drug release and rapid response to external magnetic fields [242, 251]. Despite all
these advantages, IO NPs have a great tendency to self-agglomeration as well as poor loading
capacity of drug agents, which limits their efficiency and applications [252]. Therefore, the
incorporation of IO NPs into the functional polymeric matrix as smart materials has a
significant potential to improve these drawbacks. The surface of functional polymers provides
a great opportunity to load or encapsulate the high dosage of drug molecules. One of the key
advantages of introducing IO NPs into functional polymers is providing smart polymers,
which can recognize and respond to the microenvironment in response to an external
magnetic field [253]. This feature is extremely useful in targeting and controlling

nanosystems to a specific location.
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Targeted and controlled drug release are significantly important features in the field of DDS
to regulate drug dosage and location to decrease side effects therapy, and then achieving an
efficient treatment [253]. Regarding the magnetic field, there are different mechanisms
employed in the MRPs, which lead to the control of drug release. One of the most widely used
mechanisms is employing polymers that are sensitive to the variation of temperature. In this
mechanism, the AMFs have been used to generate heat [254-256]. AMFs with different
frequencies and amplitudes can induce local heats around the magnetic particles due to the

quick response of magnetic particles to the variation of magnetic fields [256, 257]. The

response of thermo-responsive polymers to the generated heat is in the form of the
conformational changes (squeezing or expanding) in their matrix, which leads to the drug

release [258, 259]. This conformational change is due to the displacement of power between

hydrophobic and hydrophilic forces in polymers under the influence of temperature changes
in aqueous solutions [256]. In general, there are two main mechanisms to tune the rate of drug
release in MRPs including changing the direction of magnetic field vector and on-off
mechanism of magnetic field (i.e., switching the magnetic field) [253]. As by changing the
magnetic direction in MRPs, different properties are achieved, therefore, different drug-
release rates are also expected. The second method, seems to be more effective. That is due to
that MRPs as stimuli-responsive polymers show quite different behavior under zero magnetic
field and a high magnetic field (i.e., on and off). For example, in Figure 12.d, under zero
magnetic field, the drugs have already been encapsulated in the hydrophobic micelles (i.e.,
magnetic field off) [260]. Once a magnetic field is applied (i.e., magnetic field on), the
magnetic particles start moving/aggregating and therefore squeeze the hydrophobic cores,
which eventually results in changing the drug-release rate. In this method, relatively low-
frequency AMFs is used to stimuli magnetic particles leading to a mechanical change in
chitosan hydrogels. Consequently, the retention and release of drug agents can be controlled

by tuning external magnetic fields [261].
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As mentioned before, an internal heat is generated in MRPs upon a magnetic field due to the
rearragment of magnetic particles. Similarly, in MRP-based DDSs, an internal heat is
generated by applying an AFM, which results in changing the rate of drug release (see Figure
12.a, b and c). In such mechanisms, when AMFs are exposed, an internal heat is generated
and the polymer becomes hydrophilic, which means losing water and shrinking the structure,
as a result, the drug release occurs (see Figure 12.a) [262]. For example, a PEG-block-PLA
(i.e., PEG4oxp — PLAgokp) block copolymer incorporating with magnetic particles has
exhibited a precisely controlled release of drug cargo under an AMF [263]. In addition,
advance in MRPs has provided an attractive opportunity to synchronous and asynchronous
multiple deliveries of two or more therapeutic agents with spatially and temporally control. A
magneto-responsive hydrogel composed of magnetic IO NPs embedded into the chitosan
hydrogel cross-linked with telechelic difunctional poly (ethylene glycol), has been reported
that be capable of co-delivery and asynchrony of both doxorubicin and docetaxel for
chemotherapy [264].

4.2.2. ERPs

Similar to MRPs, ERPs have attracted much attention are and widely used for spatially and
temporally control of drugs in DDSs [265]. Most types of DDSs based on electric sensitivity
are implantable and need surgery, which means they are invasive and more harmful than
magneto-responsive-based DDSs [265]. There are different types of polymers, which have
been employed to respond to an applied electric field. As mentioned previously, some
polymers are naturally conductive, such as doped PPy, N-methyl pyrrole, PANi and
polytyophene, and other types are neutral polymers that achieve conductivity behaviors by
spiking with conductive polymers and nanomaterials such as graphene, CNTs, and metallic
nanomaterials [266-269]. The response of electro-responsive polymers to an electric current
varies in different mechanisms. One of the popular mechanisms is changing pH due to the

electric current, which destroys hydrogen bonding between polymer structures, which leads to
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the degradation of the polymer matrix and consequently drug release (see Figure 12.e) [270].
Another mechanism that is broadly used for the control of drug release is the deformation of
polymer chains due to stress created by the movement of ionic groups towards cathode or
anode under an electric field [267, 271]. For example, an implantable electro-responsive
hydrogel constructed by PAAm containing nanofibers of PANi loaded with amoxicillin to
treat infections so that the antibiotic drug is released under an electric field [272]. Although
this device has shown a large potential to control drug release, it should be planted on the
target site, that means it needs surgery and is an invasive method. As another example, a
transdermal delivery system was developed so that the drug is released from the reservoir
under an electric field and increases the rate of permeation through the skin [273].

Conductive transdermal delivery systems are non-invasive and have good control over drug
release [274], although they have a lack of on-site delivery benefit so the side effect of off-
target delivery is increased and therapy efficiency gets declined [273]. To overcome this issue,
an injectable non-invasive electro-/ pH-responsive hydrogel have been developed by mixing
chitosan-graft-polyaniline copolymer and oxidized dextran (see Figure 12) [269]. The release
rate of therapeutic agents increases when the smart device is exposed to an applied voltage.
This type of mechanism has a great potential for the future of ERPs as DDSs to have effective

therapy [269].
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Figure 12. (a) The schematic of the drug-release of MRPs under an AMF leading to
generating an internal heat so that shrinks and squeezes the polymers in such a way that the
drug is released [262], (b) Expanding the pore size of a hydrogel scaffold, leading to the
increase of drug release [275], (¢) Tuning the drug-release based on the heat generated under
high-frequency magnetic field [276]. (d) The mechanicsm of drug-release based on the on-off
magnetic field, reasulting in the movement of magnetic particles and therefore squeezes the
polymer structure [260]. (¢) The mechanisms of drug release in ERPs; the electric field
changes pH, resulting in the destruction of hydrogen binding of polymers and eventually the
drug release is enhanced [269].

4.3. Diagnosis and Imaging

Drug delivery imaging is mainly applied to improve drug targeting to pathological sites,
which allows easy, non-invasive, and real-time pharmacokinetic and biodistributional
analyses [277]. In the last two decades, thanks to the application of stimuli-responsive NPs,
diagnosis and real-time imaging have been made possible in conjunction with drug delivery/

release capabilities in the area of drug encapsulation technology. Using these new multi-
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functional medicines, not only the accumulation of therapy at the delivery site is monitored,
but also the efficiency of drug release is controlled. In these multi-functional medicines, the
core structure has an imaging duty to make sure that the drug has properly targeted, delivered,
released, and performed the reaction to the therapy. In this regard, numerous studies on
various types of NPs, such as metal oxides, including Fe;0,, Fe,05, y-Fe,05, CoFe,0,,
NiFe,0,, MnFe,0, and CNTs and gold particles, as the core structure of NPs have so far
been carried out [278-280]. For example, in liver pathology with magnetic resonance imaging
(MRI), tumor sites are characterized by lower absorption of SPIOs in comparison with
healthy liver sites due to their low number of macrophages (see Figure 13.a) [281-283]. In the
field of vascular imaging, employing particle sizes of less than 7 nm in diameter brings the
ability for the drug to circulate in the vascular compartment for several hours after drug
injection. Such NPs can then be used as blood pool agents for endoleaks diagnosis as well as
for the evaluation of the relative blood volume in various parts of the body [284, 285].

As far as CNT applications in diagnosis are considered, their high surface-area network and
their exclusive property of high near-infrared absorbance make them suitable for
ultrasensitive photoacoustic imaging [286, 287]. In comparison with other reference
electrodes, CNT electrodes have resulted in high contrast MRI-tests with almost no distorted
images, offering an opportunity to diagnose tumor cells (see Figure 13.b) [288, 289]. It should
be mentioned that the imaging quality can be further developed by the utilization of various
additives, such as gold and silver NPs [290]. Since these NPs generate thermal energy under
various external stimuli, their encapsulation in the stimuli-responsive polymers brings
potential application in targeted imaging (MRI contrast and computed tomography contrast),
tumor suppression enhancement, controlled release of drugs and time extension of blood
circulation, simultaneously [291]. For example, Liu et al. [292] employed magnetic particles
in a thermo-responsive polymer, poly(N-isopropylacrylamide), with a glass transition

temperature of 32 °C, to develop a multi-functional medicine. As explained in the DDs
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section, when a magnetic field is applied to the polymer, the temperature of the polymer
increases, and due to the internally generated heat, the polymeric layer is melted, and
therefore, doxorubicin is released. Moreover, as another advantage for magnetic particles, the
local heat generated by the core structure has the potential to kill cancer cells. For instance,
Jing et al. created a multi-functional medicine using magnetic NPs with a doxorubicin
payload for imaging agents as well as therapeutic applications for prostate tumor cells [293].
In the activation of multi-functional drugs with external stimuli, magnetic fields and light
emission are the most commonly used stimulation methods for stimuli-responsive polymers.
This is while, other methods still face challenges pertaining to thermal control under a narrow
range of body functioning temperature [294]. However, economic design, ease of product,
biocompatible fabrication of polymeric ligands, and proper core structure employment
corresponding to the polymer type are the key factors, which should be considered in drug
production. The long-term effects of these smart medicines on organs should also be

evaluated to avoid harmful toxic side effects.
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Figure 13. (a) T2-weighted liver imaging using SPIO nanoclusters as MRI contrast agents,
with various particle sizes, 35 nm (0 gml~! of PLL), 80 nm (2.0 gml~! of PLL) and 120 nm
(3.5 gml~! of PLL). After 24 hours of SPIO injection, the healthy liver sites uptake higher
SPIO in comparison with tumor sites (white arrows) [283]. (b) Comparison of T1(I), (II)- and
T2 (III), (IV)-weighted MRI results for (I), (IlI) CNT yarns and (II), (IV) Pt-Ir electrodes
implanted into the subthalamic nucleus after 12 weeks [289].

4.4. Shape Morphing (SM) Structures
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Shape morphing (SM), shape shifting, reconfigurable, shape changing, and deployable
structures refer to transformable structures whose shapes can be transformed between at least
two states namely an initial or permanent state and other distinct configurations (i.e.,
temporary state(s)) when being triggered by external stimuli. SM structures can also be
categorized based on their cyclic shape changing behavior or the number of achievable
temporary shapes. That means, their shapes may only change in one cycle, i.e., irreversible,
so-called as one-way SM structures. They may also save more than one temporary shape,
which are referred to as multiple SM structures.

Transferring between multiple shapes means that the Gaussian curvature (defined as the
product of the principal curvature at a point of a surface) of SM structures can change. Based
on Gauss’s theorems Egregium, such morphing is only possible when the deformations are
spatially inhomogeneous or non-affine [295, 296]. Such spatially inhomogeneous deformation
can be generated by magnetic anisotropy (i.e., non-uniform magnetization profile) or electric
anisotropy. In deformations such as pure bending, homogenous expansion and contraction so
that the Gaussian curvature is not changed, the structures cannot transform between a
permanent and temporary shape(s) [296]. Therefore, to create SM structures, non-affine or
gradient deformations are required. Residual stress, differential swelling, inhomogeneous
stiffness and domain wall motion in MRPs/ERPs are the four main mechanisms to create
shape morphing behavior [296]. Among different polymers, hydrogels and SMPs are the two
most common polymers showing SM behavior owing to their memory effect, enduring large
deformations, and large volume change (in hydrogels) [297, 298]. Herein, we specifically
focus on magneto-responsive shape morphing (MRSM) and electro-responsive shape
morphing (ERSM) structures. In MRSM and ERSM structures there are several important
motifs: I) re-programmability (i.e., magnetic or electric memory of the structures can be
repeatedly reprogrammed) to achieve numerous SM modes in the structure (without re-

producing the structure), II) rationally encoding magnetic (or electric) anisotropy in the
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structures to achieve complex SM with high spatial resolution, III) energy efficiency (i.e.,
locking behavior in the absence of external field), IV) fast switching between permanent and
temporary shapes (i.e., short response time), V) ease of fabrication and encoding (e.g., single-
step process).

4.4.1. MRSM Structures

MRSM structures are particularly swift, reversible, safe and can benefit from effective
manipulation methods for their SM behaviors (e.g., remote actuation in the enclosed and
confined places for biomedical applications) enabling them to undergo complex time-varying
morphing shapes at even smaller scales [16, 299-301].

One strategy to achieve SM in magneto-responsive materials is to use multi-material (or
multi-layer) structures. For example, in multi-layer magneto-responsive hydrogels and
elastomers, SM behaviors can induce due to the swelling differences between different layers
[302]. The second strategy is to create a local magnetization profile in the MRSM structures.
In this technique, time-varying shapes can be achieved by tuning the characteristics of the
external magnetic field (e.g.,, magnitude, direction and spatiotemporal properties of the
magnetic field), which make them a promising candidate for creating active materials [301,
303].

As mentioned before, the magneto-responsive properties of MRSM structures originate from
the magnetic properties of the MPs/NPs distributed within their polymeric matrix. When a
magnetic field is applied to such materials, a magnetic-dependent torque will generate up until
the magnetization direction of all domains will be along the direction of the applied magnetic
field [304]. The spatial distribution of the magnetization directions, and their magnitude, can
thus change the Gaussian curvature of the MRSM structures, which in turn, enables pattern
transformation upon external magnetic fields [4].

In general, there exist three strategies to fabricate MRSM structures and to create a

corresponding magnetization profile. The first method is template-assisted magnetization. In
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this method, multi-material (i.e., passive and active components) structures can be fabricated
using molding techniques. Examples of passive components are silicone rubbers while the
active part can be made from magnetic particles embedded in the silicone. Then, the
structures can be sandwiched and deformed between jigs (to fold, bend, or wrap) and by
applying a strong magnetic field, magnetization profile can produce [3, 305-309]. Using
different phases of materials (i.e., active and passive materials) with different geometrical
profiles, the magnitude of the magnetization profile can non-uniformly be tuned [301, 309].
An example of geometrical changes was the incorporation of auxetic metamaterials in the
design of MRSM that could alter the distribution of magnetization profile in individual
ligaments, and consequently changed the configuration and mechanical properties of those
structures (see Figure 14.a) [310]. One of the main advantages of this method is the facile
encoding of SM [4]. The downside of this method is that only simple SM modes (i.e., bending
and folding) can be created [4, 311].

The second approach is to use lithographic or 3D printing techniques to enable the physical
alignment and fixation of the magnetic particles as well as the adjustment of the local
magnetization profiles during the curing processes [1, 4, 16, 312-314]. In this method, the
magnetization profile can be locally oriented along the applied magnetic field, during the
printing process. This can be done by applying the magnetic field to the dispensing nozzle. In
this strategy, unlike the first method, more complex SM structures can be created (i.e., higher
programming freedom) [311]. However, a fabrication-dependent permanent magnetization
profile will be created that prevents reprogramming after fabricating the structures [4]. Also,
the resolution, dispersion of fillers, and the heat during the printing processes are other
drawbacks of making these materials particularly in DIW and FDM 3D printing techniques
[62]. To settle such issues in 3D printing of MRSM structures, light-assisted AM such as DLP
has been utilized as an alternative approach to fabricate isotropic MRPs [62, 315]. In this

technique, using homogenous dispersion of magnetic particles into the resin and 3D printing
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them at room temperature, isotropic magnetic structures can be fabricated [62]. More
advanced 3D printing techniques, such as voxel-encoding DIW 3D printing have recently
been introduced that can program variable magnetic density and direction in such structures
[316]. The integration of this method with an evolutionary algorithm, has enabled researchers
to create complex SM structures with biomimetic dynamic motions (e.g., crawling motion) of
an inchworm [316].

The third method deals with heat-assisted magnetic programming (HAMP) [4, 311, 317]. In

this method, the structures are heated up above the Curie temperature of the MPs. At the
temperatures above the Curie temperature, the magnetic particles lose their permanent
magnetization [4]. This allows reorienting the magnetization profile when the structure is
placed in the magnetic field during the cooling process. It should be noted that in this method,
demagnetization can also obtain by heating the samples above the Curie temperature in the
absence of a magnetic field. For example, different SM structures including four-segment ring,
hemisphere, cubic, and auxetic metamaterial structures with complex pattern transformation
have been 3D magnetized and are shown in Figure 14.b [4]. The heating process in HAMP
may change the magnetic properties of embedded magnetic particles or the molecular
properties of the base polymers. Therefore, to overcome this issue, other methods have been
proposed in which magnetic MPs were encapsulated with oligomeric-PEG with an
elastomeric matrix to achieve heat-assisted reprogramming [317].

SM structures can be used in the design of smart materials for biomedical and soft matter
engineering applications. As an example, magneto-responsive reconfigurable micro-pillar
arrays can add additional (bio-)functionalities (e.g., inducing complex deformations with the
coupling of twisting and bending) to the design and fabrication of next-generation biomedical

implants [318, 319]. In addition, SM structures have been used for the design of smart

structures with self-healing properties, which has numerous applications in DDSs and TE

scaffolds [320]. For instance, a hydrogel-based construct composed of glycol chitosan and
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oxidized hyaluronate plus SPIO NPs was recently 3D printed to enable self-healing behavior
in magneto-responsive gels in response to magnetic fields [320]. Multi-stimuli ciliary systems
is another interesting application of SM structures, which has led to tuning the configuration
of cilia using light and magnetic fields in a remotely-controlled multi-stimuli fashion (see
Figure 14.c) [321]. To fabricate a micro-machine that can work in many reversible cycles,
specific sequences of magnetic fields with tailored switching fields can be applied to the
machine. Toward this aim, by encoding the nano-magnets at small scale, the configurations of

arrays of single domain nano-magnets on the machine could be programmed [322].
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Figure 14. Applications of MRSM in metamaterials. (a) FE simulation and experiment of the
deformation mode of the architected structures under the compression loading at different
discrete magnetic field [310]. (b) Reprogrammable 3D reconfigurable structures [4]; 1) a four-

ligament ring, II) a half-sphere, III) a cubic box and IV) an auxetic metamaterial. (c) a
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reconfigurable cilia [321] a schematic drawing of the programming of the Irogran magnetic
cilia.

One of the issues in the design of MRSM structures is incorporating (un-)locking mechanisms
in their designs. In most MRSM structures reported in the literature, the temporary shapes
cannot be locked and are retrieved quickly once the magnetic field is removed [4, 114].
Therefore, a constant magnetic field needs to be present around the structure making it from
an energy consumption viewpoint inefficient. In addition, MRSM structures are relatively soft
and cannot be applicable to hard materials. Furthermore, one of the weaknesses of the
conventional SMPs is their one-way actuation. To address those aforementioned drawbacks,
new approaches have been suggested that integrated multi-functional shape manipulations
using sequential actuation of such structures in digital logic circuits [3, 69]. In this regard,
combined soft and hard magnetic particles, including Fe;0, and NdFeB, respectively, were
added into an amorphous SMP-based matrix (acrylate-based). The employment of Fe;0,
particles induces an internal heat under a high-frequency alternating current applied by a
solenoid in a way that can provide (un-)locking mechanisms. NdFeB in contrast provided a
magnetization profile for programmable deformation under an actuation under a direct
magnetic field by a pair of electro-magnetic coils (see Figure 15.a) [3]. Such a concept also
can be applied using multiple materials (with the same MPs but different base matrices)
composed of a magnetic soft material such as an elastomer/NdFeB and a MRSMP including
NdFeB particles. Using this approach and employment of magnetic multi-material DIW
technique, a multi-modal pop-up structure with sequential deformations has been recently
developed (see Figure 15.b) [69].

4.4.2. ERSM Structures

Compared to MRSM structures, there are only a few studies on ERSM ones. As mentioned
before, to make reconfigurable SM with different values of negative and positive Gaussian

curvatures, spatially electric fields are needed. Such implementation can lead to spatially non-
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homogeneous deformations. Using this approach, multi-layer electrodes have been proposed
to construct ERSM structures [296]. Those multi-layer electrodes contained a set of internal
electrode layers with different geometries (or changing the electrode arrangement to achieve
spatially-varying electrodes [323]) (see Figure 15.c). As another approach, concentric rings on
the surface of ERPs such as DEs [324], or patterning a dielectric liquid crystal elastomer
actuators [325], result in more complex SM. Using multi-polar 3D electric field modulation
without pre-programming in a single material, the direction and magnitude of the electric field
applied to samples can change. Using such an approach in a single electro-responsive
hydrogel, positive and negative bending curvatures have been programmed (see Figure 15.d).
Also, inspired by thermo-responsive SMPs and DEs, multiple distinct configurations have
been created. The examples are multi-layer of SMP fibers and DEs [92] or solvent casting
method [326] or FDM 3D printing of PLA/ CNT filaments [78] in the response of heat and

electric fields [326, 327].
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Figure 15. (a) Application of sequential MRSM with shape locking abilities in digital logic
circuits [3]. (b) Computational modelling and experimental results of multi-modal MRSM in a
pop-up (design 1) and Asterisk design (design 2) 3D printed by multi-material DIW [69]. (c)
ERSM in a DE-based circular sheet; the increasing of negative Gaussian curvature upon
increasing applied voltage in a DE [296]. (d) ERSM in electro-responsive hydrogel based on
the multipolar spatial electric field to mimic the movement of swollen starfish [140].

4.5. Soft Robotics

Soft robotics is a growingly emerging paradigm in which soft and flexible materials form the
structure of the robots replacing the rigid actuators, sensors, and even central controller units
in the conventional robots to deal with delicate objects and media, such as manipulating

human and animal organs and tissues [270, 320, 328, 329]. After introducing the McKibben
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pneumatic artificial muscle in the earlier decades [330], soft robots have drawn the attentions
of the researchers recently mainly due to the development of soft polymer materials, such as
PDMS, also commercially known as silicone [331], as well as AM [332-334], which make
their processing easy. In this section, various state-of-the-art soft robotics mechanisms
developed with employing MERPs are presented and categorized by materials and stimuli.
The operation principles, manufacturing approaches, and their advantages and drawbacks in
terms of resulting deformation and force are discussed, and finally, their future potentials and
challenges are foreseen in this section.

4.5.1. MRE Soft Robots

MREs soft robots are commonly made from dispersing the magnetic particles, such as iron,
cobalt, or NdFeB into silicone or rubber-based polymer materials, such as PDMS, which are
good electrical insulators [335, 336]. The external magnetic field temporarily aligns the
randomly oriented particles leading to the stiffness and damping changes [18] and
consequently actuations harnessed (see Figure 16.a). In other words, the application of the
magnetic field increases the stiffness and shear modulus of MREs depending on the size,
concentration and magnetic properties of the particles as well as material properties of the
elastomer matrix [314]. The studies have revealed that the randomly dispersed magnetic
particles experience lower stiffness variation and dielectric response than anisotropic MREs in

the presence of a magnetic field [337, 338]. Also, further studies have revealed the linear

inverse correlation of the particle’s concentration with the conformity of MREs soft robot
actuators [339]. Therefore, a trade-off between stiffness enhancement and desirable
conformity should be achieved in the design of MREs soft robots. The effects of cross-linking
degree [340] and the alignment of magnetic particles [341] on the deflection and mechanical
properties of MREs actuators are also considerable. A magnetic soft gripper was tested with

different magnetic fields as well as magnetic fillers content [340].
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Untethered soft robotics have benefited greatly from the advantages of MREs where small-
scale soft robots composed of hard magnetic particles embedded in silicone were developed
operating under relatively low Reynolds conditions [119, 305]. Various fabrications
approaches were employed to develop MREs soft robots, including casting [314], spin coating

[342], heat- assisted magnetization [4], extrusion [16, 343] and voxel-level DOD 3D printing

[344]. Soft robotics have benefited from MREs as sensory elements to deal with stress
concentration and adhesion issues in deformable bodies too [345].

4.5.2. DEs Soft Robots

As mentioned previously, DEs as a subset of ERPs have found significant applications in soft
robotics owing to their tremendous configurability, large strains up to 200% [346], and high
energy density as against thermo-responsive SMPs [347-350]. The DEs mechanism of
operation is following the capacitive principle, based on which the DE material is sandwiched
between two flexible electrodes and generates Maxwell electro-static pressure and
subsequently motion in response to an electric field [166]. Other featured characteristics of
DE:s are their agility and light-weight compared to thermo-responsive soft robots, which make
them a suitable candidate to mimic artificial muscles [351], crawling [352], walking [353],
swimming [349], and flapping [354] soft robots. One drawback of such DEs is their high
voltage operation, in kV, which has recently been reduced to 300 V by thinning the membrane
close to 3 um [355].

The spin coating, casting, and spray casting have been practiced as conventional fabrication
methods of DEs soft robots due to their efficiency in the production of thin layer, less than 10
um thickness, silicone membrane [356-358] (see Figure 16.b). The roll-to-roll processing,
including multi-layering and rolling processes, was introduced to develop efficient tubular
DEs soft robots with higher compactness and shape deformation [359]. However, those
approaches suffered from the production of spatial intricate 3D geometries [360]. The 3D

printing technology was introduced to deal with this challenge by developing more
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customized spatial DEs [41, 42, 65, 361]. It was found that 3D printing has the capability of
increasing the actuation force via stacking the DE layers as well as geometric optimizations
[362, 363].

To improve the performance of DEs in soft robotics, one conventional method is to increase
the dielectric constant by including ferro/ piezoelectric ceramics [364] or conductive NPs
[365]. Yet, this led to increasing the rigidity of the DEs that consequently resulting in lower
longevity and strength. A multi-layer fabrication method was employed to eliminate the
rigidity of the crawling DE soft robot [366] while stacking the DEs proved to shorten the
response time and lower actuation voltage [360]. A range of folded [296], conned [367],
twisted [368], and helical [369] DEs soft robots were developed reporting the increased force
and performance compared to plain DEs design. Yet, the main concerns of using DEs in soft
robotics are the payload capacity stem from the low mechanical modulus of DEs. Therefore,
enhancing approaches such as embedding fibers [370, 371] and incorporation of SMPs [372]
to adjust the stiffness of the robots at diverse conditions are introduced. Another shortcoming
of the DEs soft robots is their short longevity under applied high electric fields. This was
recently dealt with the introduction of liquid dielectric embedded in soft membranes known as

hydraulically amplified self-healing electro-static soft actuators [373, 374]. The principle of

hydraulically amplified self-healing electro-static soft actuators is based on the electro-static
Maxwell stress, which results in the displacement in response to the applied voltage between
the electrodes [375]. Such actuators work up to 1 million cycles with a 15% strain; however,
they still require high voltage to operate even with the recent improvements.

4.5.3. Electro-Magnetorheological Elastomers Soft Robots

Electro-magnetorheological elastomers (EMREs) have been studied much less than other
groups in soft robotics. The soft robot actuators developed based on EMREs principles are
generally composites of metal and/or magnetic particles and elastomers with electro-magnetic

properties that show actuation in response to electrical stimulus in the presence of the
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magnetic field. In a pioneering study of such soft robots, a Ni nanowire/ silicone
nanocomposite actuator having electro-magnetic properties was tested in response to the
magnetic force direction (see Figure 16.c). The study reported that with increasing the
frequency of input voltage for EMREs soft actuators, the strain response decreases with
reasonable phase lag [376]. The EMREs soft actuators have shown less hysteresis compared
to the ERP soft actuators, however, they were not responding well to the low voltage in high
frequencies [376]. The EMREs soft actuators could also be applied in active vibration control
of soft robots [377]. However, the inherent time delay in such mechanisms is the main
drawback, which should be dealt with. Other groups of EMRE soft robots have been
developed based on the electro-rheological fluids in which the magnetic particles are
dispersed, and the actuation modulation is controlled through the electric and magnetic fields
[378, 379]. However, there remain some challenges to use low viscosity electro-rheological
fluids to maintain the acceptable speed of soft robots and overall efficiency. Besides,
sedimentation and uniform re-dispersion of magnetic particles are other considerable practical
issues with EMREs in soft robotic applications.

4.5.4. Magneto-/ Electro-Responsive Shape Memory Polymers Soft Robots
The SMPs have been broadly utilized for the fabrication of soft robots. However, the majority

of works have been focused on thermo-responsive SMPs [380, 381], which are sometimes
undesirable due to the difficulty in inducing local controlled deformation in the thermal
environment. Therefore, the necessity of SMPs that are responsive to the stimuli with quick
and more local controllability is significant. This has led to more recent studies on the
development of MRSMPs and ERSMPs in soft robotics and 3D/ 4D printings [16, 54] and
their constitutive modelling, as well [8].

MRSMPs Soft Robots

Controllability of the both direction and magnitude of a signal as well as its easy penetration

in polymers have made magnetic stimulation a favorable choice for polymer and hydrogel-
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based soft robots [301]. Such soft robots have been benefiting from remote and high
bandwidth control abilities as crawling and swimming robots in drug delivery applications
[382]. Simultaneous magnetic actuation and photothermal heating have been utilized in a
SMP-based magnetically actuated stiffness variable soft robot [382] and a diverse biomedical
applications, including catheters [383].

The common mechanism of generating motion using a magnetic field in polymer-based soft
robots relies on patterning magnetic fillers on elastomeric substrates. The fillers then align
with applying the magnetic field resulting in the generation of different actuation modes such
as bending, contraction, elongation, and twist. However, there are some difficulties in the
application of magnetic soft robots in terms of the generation of magnetic fields via coils that
are mainly bulky and require high power, making them cumbersome in restricted space. The
use of micro/ nano-sized magnetic particles in SMPs enabled a new class of reconfigurable
soft robots fabricated via different manufacturing methods, including casting, electro-

spinning, laser cutting, and 3D printing [34, 382, 384, 385]. The locking mechanism was also

introduced in MRSMP soft robots to provide a fast-reversible transformation into the system
(Figure 16.d).

ERSMPs Soft Robots

A common method of developing electro-responsive soft robots made of SMPs is through the
electro-thermal or joule heating mechanism. In this approach, the conductive fillers, such as
carbon black [386], carbon fiber [387], CNT [68], and antimony-doped tin oxide/TiO,
(ATO/ TiO,) [388] are incorporated into SMPs for generating and conducting the required
heat for the local deformation control stimulated by an electric current. In other applications
of ERSMPs in soft robotics, a stiffness tuneable soft gripper was developed with 3D printing
of an electric circuit on a soft actuator made of SMP material [389]. Therefore, the soft
robotic gripper has demonstrated tuneable stiffness at different environmental temperatures

enhancing its performance and functionality (see Figure 16.e).
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4.5.5. Magneto-/ Electro-Responsive Hydrogels

As mentioned previously about hydrogels, their vast water content compared to SMPs and
reversible shape shifting have received increasing attention in biomedical and soft robotic
applications. The main mechanism of harnessing actuation in hydrogel-based soft robots is
based on volumetric changes of hydrogels in swelling and un-swelling. There are several
approaches of patterning [390], functionally graded cross-linking [232], bi-material [391] and
multi-material [392] composites to induce desirable motions, such as bending, morphing, and
twisting.

Magneto-Responsive Hydrogels Soft Robots

Magneto-responsive hydrogels could be controlled remotely in presence of the external
magnetic field where the polarity and the magnitude of field determine the actuation direction
and bending deflection of the hydrogel in which magnetic particles, such as Fe,0;, Fe;0,
and CoFe,0, are dispersed into the precursor hydrogel [393]. However, the media in which
the NPs are dispersed must be viscous enough to prevent particle agglomeration [394]. These
types of soft robots have found their applications in pharmaceutical and drug delivery where
doses of drugs could be controllably and non-invasively released remotely. The magneto-
responsive hydrogel soft robots are recently developed using direct 3D printing methods to
fabricate complex shape robots with unique features of functionally graded and variable
stiffness, which could be controlled remotely [16, 394-396] (see Figure 16.g). Hydrogel soft
actuators were also 3D printed via encapsulating magnetic Fe; 0, NPs within an algae-derived
alginate ionic hydrogel [397]. However, the mechanical strength of the hydrogels are the main
concern in practical soft robotics applications. Therefore, nanocomposites addition has been
introduced to increase the mechanical strength of the pure composite in presence of electrical
and magnetic fields [395, 398].

Electro-Responsive Hydrogels Soft Robots
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Electro-responsive hydrogels could be easily controlled by the application of the external field
while the polarity of the electrodes and the magnitude of pulse determine the actuation
direction caused by the swelling mismatch of the soft actuator body [40, 381]. Generally,
there have been two approaches in developing electro-responsive hydrogels soft robots. The
first group is ionic hydrogels with a conductivity of around 10 Sm™! in which the hydrogel is
sandwiched by composite layers of conductive material similar to the ionic polymer-metal
composite (IPMC) actuators [399]. The working mechanism of these electro-responsive
hydrogel soft robots is based on the Maxwell stress and DE actuators [400]. The second group
comprises ionic conductive polyelectrolytes, which contain ionic groups along the hydrogel
chains leading to the motion of the hydrogels in response to electrical triggers [401-403]. This
type of electric-based hydrogel soft robots, working based on osmotic pressure and Donnan
effects [402, 403], was successfully tested for the 3D/ 4D printing of the soft robot entirely

[391, 402, 404, 405].

4.5.6. Discussions on MERP Soft Robots

The bulky magnetic field generator and high energy demand are the challenges of magnetic
soft robots. Therefore, miniature magnetic soft robots are favorable to reduce the required
field amplitude for their actuations [1]. Besides, more attention is needed for fabricating
highly magnetized thin membranes with low mass density to achieve a high-speed large
deformation in such robots [70]. Recent soft robots have been developed benefiting from a
combination of dielectric and magnetic responsive principles [406]. A recent example is a
double-cone shape soft actuator that was fabricated by a magnetically coupled DE actuator
pump driving based on the Maxwell stress in response to an input voltage [407]. The soft
robots have shown a significantly amplified output stroke when excited at the resonant
frequency of the DE actuators as a result of the repulsive magnetic field. DE soft robots
commonly require high operating voltage, kV range, while electro-responsive hydrogel soft

robots are not capable of generating sufficient force.
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Among all the MERP soft robots investigated in this study, EMREs have found to be the least
explored. Therefore, there is a tremendous potential for future research on their applications in
soft robotics considering the size, dispersion and type of magnetic/ electric particles as well as
the optimum viscosity of the electro-rheological fluid to overcome their current challenges.
MRSMP soft robots provide more design flexibility via tuning both glass transition
temperature and conductive particle concentrations compared to MREs. However, the locking
mechanism in MRSMP soft robots are still slow compared to the EMREs and DE soft
actuators. Wireless soft robots made from MRSMPs/ERSMPs with capabilities of
autonomously navigation as well as hybrid magnetic and electro-responsive hydrogel soft
actuators could be a future direction for further exploration [68, 360]. There have been
tremendous research and achievement in the field of electric and magnetic-response hydrogel
soft robots, particularly in medical applications due to biocompatibility, biodegradability,
transparency, and compliance of these materials. However, hydrogels have shown not
matured yet for the soft robotics application requiring rapid and high force throughput. The
current research directions are expected to improve their functionality through the synthesis of
hydrogels that could be processed via 3D/ 4D printing and generating higher force. A

summary of the advances and challenges of MERP soft robotics is presented in Table 4.
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Figure 16. (a) The MRE soft actuator set up and actuation sequence with application of a
magnetic field, 1. Solenoid 2. Structure 3. Sample holder 4. MRE actuator 5. Laser
displacement sensor [340]. (b) Chopstick-shape DE soft robot [358]. (¢) The EMRE soft
actuator under different magnetic fields [376]. (d) a shape locking magnetic SMP with (left)
and without (right) locking mechanisms [3]. (e) The printed joule heating circuit of the
electric SMP soft gripper (left) and its application in temperature-dependent stiffness variable
[389]. (f) 4D-printed electro-responsive hydrogel soft parallel robot and its actuation states
[381]. (g) 4D-printed magneto-responsive octopus hydrogel soft robot [36].

Table 4. Advantages and challenges of MERP soft robots.
70



Magneto- Electro-
MREs DEs EMREs MRSMPs ERSMPs Responsive Responsive
hydrogels hydrogels
Response time (s) Low Low Medium-High Medium- Medium- High High
P (0.02-0.1) (0.1-0.5) (0.1-1) High (1-5)  High (1-5) (0.7-10) (0.1-5)
Efficiency M‘f_l‘:é”hm' High Medium Medium  Medium  Low-Medium  Low-Medium
Strain Low Low Medium Medium Medium High High
(0.08-0.2) (0.03-0.4) (0.02-0.8) (0.1-1) (0.1-1) (1-2) (0.8-2)
Stress M';Z‘?Sm High Medium High Medium Low Low
(MPa) (0.01-0.1) (0.1-10) (0.1-7) (0.1-10) (0.02-1) (0.01-0.05) (0.01-0.05)
[41, 42,
o [4, 70, 314, = ac) [54, 68, [16, 36, 54, [397, 398, 402,
SDIADPINING 343,300 00 NA G4 380]  231,395,39] 404, 405]
Conventional [Eﬁ’ [%1336%;’ [376,378,379]  [3,382]  [408,409]  [1,410] [411
. Low Degradable
Simple .
. Easy temperature Environment
Remotely control Little )
Advantages ) . process Low cost Low friendly
controlled High hysteresis - ) .
. Locking operating Low operating
bandwidth
voltage voltage
Low force I-:{gh
External votage Sedimentation High Medium
Challenges . (kV- ) . Low strength Low strength
field MV/m™) Redispersion voltage strength
interference ;
Pre-strain

4.6. Dynamic Systems
MREs [412], EMREs [413], and ERPs [414] are the most commonly used MERPs in the

design of dynamic systems. Moreover, unlike shape morphing applications, in MRP-based
dynamic systems, soft magnetic particles such as 10s are mostly used due to their ability in
enduring large deformation and stiffening effect upon magnetic fields. Such materials possess
incredible importance in vibration control [415], energy harvesting [314], and isolation [416]
procedures. It should be noted that there are many studies in the literature on the use of
piezoelectrics for vibration energy harvesting and vibration control [417]. However,
piezoelectrics are not included in this study and we only focus on MREs, EMREs and ERPs.
Given experimental studies, it was observed that vibro-acoustic behaviors of membranes can
be controlled by ERPs [418]. Moreover, a novel design of ERP-based damper was
accomplished in order to introduce a stiffness variable control, which was never observed
before [419]. In addition to the control of the systems’ vibrations, ERPs are excellent
candidates for the purpose of lowering the dispersion velocity of the waves traveling in

continua [420].
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EMREs also possess an easy-to-manipulate dynamic behavior due to tunable dependency
between electrical, mechanical and magnetic features and were studied well [421-423]. In
addition to EMREs, MREs are also of high magnificence in structural dynamic applications. It
was shown that the non-linear free and forced oscillation behaviors of shell-type structures
were tailored by changing either the thickness of the MR layer or the intensity of the magnetic
field [424]. In the framework of an analytical investigation, it was proven that it is possible to
attenuate the amplitude of the panels’ vibration by aggrandizing the intensity of the magnetic
field if an MRE is utilized as the core layer [425]. MREs are also able to tailor the dispersion
characteristics of waves scattered in continuous systems [426]. The aforementioned feature
can be well utilized for the sake of defect detection via non-destructive testing by checking
wave propagation curves of desired continua [427]. The dependency of the linear natural
frequency of the laminated composite structures containing an MRE core on the magnetic flux
intensity was shown in recent studies [412, 428]. Furthermore, an experiment has been carried
out to highlight the incredible impact of the magnetic field on the manipulation of the natural
frequency responses of a three-layered composite with an MRE core [429]. Moreover, MREs
can be implemented as vibration isolators [430, 431]. Tunable properties of the MREs were
gathered to protect mechanical instruments against fluctuations caused by seismic excitations.
In such applications, the variable stiffness (i.e., magnetic-dependent) of MREs plays a key
role in the isolation procedure (e.g., magnetic-dependent natural frequencies and loss factors
in free vibration analysis of MRE composites) [412].

5. Discussion and Outlook

In this extensive review article, we have focused on the state-of-the-art MERPs and their
multifunctional and dynamic capabilities in creating smart and active (bio-)materials. We
have highlighted various manufacturing techniques and characterization methods employed
for the development of MERPs. The recent progress and applications of MERPs in

biomedical engineering (e.g., DDSs, diagnosis/imaging and TE), soft matter engineering, SM
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structures and dynamic systems were discussed. Although MERPs benefit from several
unique characteristics such as swiftness in response, safety in operation, flexibility in
programmability, and capability for remote control, there are still multiple limitations in
developing or utilizing them.

5.1. Comparison between ERPs and MRPs
The 3D/ 4D printing of MRPs, in general, is comparatively more straightforward than that of

ERPs. Therefore, more complex structures or functionalities (e.g., adaptable actuation rates in
soft robotics applications [232]) can be incorporated into the design of MRPs. Although it is
possible to obtain highly delicate structures and prompt shape morphing using MRPs, ERPs
can achieve larger deformations. On the other hand, some of ERPs such as DEs need a high
electric source (or actuation voltage), which are not suitable for biomedical applications and
may result in cytotoxicity and irreversible dielectric breakdown as compared to MRPs [432,
433]. It should, however, be noted that there have already been alternative approaches
suggested to overcome these drawbacks, for example, to use IPMCs, which need low
actuation voltage for their actuations [432, 434]. From the mechanical point of view, DEs ad
IPMCs are not mechanically strong enough. To enhance their elastic stiffness it is required to
embed fibres or to use SMPs in their designs. This is another reason that the MRPs are
relatively more favourable in biomedical applications, particularly, in-vitro TE. Furthermore,
it is also possible to lock the temporary shape(s) of MRPs in the absence of an external
magnetic field when SMP is used as a matrix in the MRPs [3]. Although it is still a challenge
to actuate a single system using both electric and magnetic fields as the external stimuli,
recently, methods have been offered to synergistically couple multiple stimuli (e.g., magnetic,
ultrasonic, humidity and UV lights) leading to structures with multiple-functionalities (e.g.,
multi-form deformations desirable in soft robotics [435]). Therefore, it can be anticipated that
the electric and magnetic energies will be coupled to take the individual advantages offered

by the MRPs and ERPs in a single system.
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5.2. Challenges and Future Directions of MERPs

From a development point of view, we have discussed 3D/ 4D printing techniques and their
great capabilities/flexibilities for developing MERPs. One of the main challenges in 3D/ 4D
printing of MERPs is that the well-established or commercially available materials cannot
directly be used and need to be modified by adding magneto-/ electro-responsive fillers. The
modification of printing materials requires an optimization/customization of the printing
processes, which is a time-consuming procedure and is different for individual 3D printing
process. Therefore, more studies should be performed to extend the knowledge of materials
science, polymer chemistry, and 3D/ 4D printing techniques in order to facilitate the
procedure of 4D-printed MERP-based objects. Moreover, for the characterization of MERPs,
there is a lack of standard procedure or protocol for the characterizations, testing, and
performance measurements of MERPs. Therefore, there is a need for developing standardized
methods or protocols for MERPs characterization [73].

From an application viewpoint, there are still many aspects of MERPs, which require further
investigation. For instance, some of the available studies on MERPs applications in TE, DDSs,
and diagnosis systems are considered to be conceptual designs and the current knowledge
concerned with the biocompatibility of various MERPs is still very limited [241]. Therefore, it
is necessary to investigate the biological performance of MERPs and their interactions with
different types of living cells. MERPs have great potentials to be utilized in smart multi-
functional materials such as self-healing and self-reparability systems, which will have vast
applications in biomedical engineering including engineering of artificial organs, muscles,
and self-healing bone [436]. Also, new functionalities such as re-programmability, rationally
encoding magnetic (or electric) anisotropy, energy efficiency, fast switching between
permanent and temporary shapes (i.e., fast response time) and easiness of the fabrication and
encoding (e.g., single-step process) are the areas that need to take into account for the

designing and fabrication of MRSM/ ERSM structures in the future.
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With the world moving toward making everything smart, there is a great desire to assist the
MERPs-related systems with artificial intelligence, including machine learning or deep
learning approaches. First, there are limited studies regarding integrated 4D-printed sensors
and actuators made by MERPs, and thus should be investigated strongly. Second, there is an
extended need for self-programming or intelligent MERPs robots particularly for the systems
that might be used in the human body. Another point is to find ways to mediate the unpleasant
effects of external stimuli (i.e., high voltage or magnetic field).

In summary, the trend of future research is to develop new knowledge for boosting the
application of MERPs by developing advanced computational models for predicting their
behavior, proposing new fabrication tools for creating multi-functional structures and

studying their performance and their interaction with different biological materials.
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