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The field of soft actuators is dominated by elastomers that experience mechanical deformations in response to
external stimuli. In this context, magnetic stimuli attract considerable interest because of their easy application,
tunability, fast response, remote actuation, and safe penetration in biological environments. Since very recently,
research interests in the field are being redirected towards hydrogels, which could virtually replace elastomers,
overcoming their limitations and expanding the field of application of soft actuators. The mechanical actuation of
hydrogels is a nascent field full of challenges, such as achieving reliable and significant responsiveness. Here we
demonstrate that the combination of a physical polymer hydrogel with a dispersed phase consisting of clusters of
magnetic particles, results in magnetic hydrogel composites that exhibit high and reversible elongation in
response to magnetic stimuli. Our analyses show that this response is strongly dependent on the matrix elasticity,
the concentration of magnetic particles, and the particle distribution within the network of polymer nanofibres.
Our strategy for the maximization of the response of magnetic hydrogels should be a catalyst for the development
of novel applications of composite hydrogels, such as a valve remotely actuated by a magnetic field that we also

present here as a proof-of-concept.

1. Introduction

Polymer composites able to change their dimensions and shape in
response to external stimuli are the base of soft actuators [1-6]. Among
the different stimuli, remote magnetic fields represent one of the most
attractive ways of actuation due to their ease of use, prompt response
and safe penetration in biological environments [7]. Most magnetic
actuators found in the literature are based on rigid elastomers, which
bend easily under a magnetic field, but present reduced elongation (i.e.,
normal strain) and negligible swelling in response to it. However,
changes in size, especially elongation, of polymer composites are the
basis for different applications such as artificial muscles, valves and
sensors [42-46]. Most importantly, for in vivo biomedical applications,
biocompatibility and biodegradability are requirements difficult, if not
impossible, to be met by elastomers. For all these reasons, the field of
soft actuators is expanded to composite hydrogels, leading to the nascent

field of hydrogel machines [8,9]. Hydrogels, especially physical
hydrogels, can meet biocompatibility and biodegradability re-
quirements, overcoming the limitations of elastomers, and thus they are
already revolutionising fields such as medicine and biomimicry [10-15].
Furthermore, hydrogels, due to their more open and less rigid structure
compared to elastomers, can potentially display a wider range of re-
sponses to the external stimuli, including swelling and elongation.
Nevertheless, because water or biological fluids are the main constitu-
ents of hydrogels, the design of magnetic hydrogels with adequate me-
chanical properties that exhibit significant, reversible and durable
actuation in response to an external magnetic field, without destruction
of the polymer structure, is still a major challenge, especially when
biocompatibility requirements must be met [16]. Some excellent mag-
netic actuators based on covalently crosslinked hydrogels have been
reported to date [7,17-22], whereas the field of magnetic actuators
based on physical (non-covalently crosslinked) hydrogels remains
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almost unexplored. Physical hydrogels offer some advantages over
chemical hydrogels, such as the absence of chemical crosslinkers that
may pose potential toxic hazards, and the reversibility of noncovalent
interactions that facilitates injectability and/or self-healing. These ad-
vantages of physical hydrogels would make it possible to fabricate
biocompatible hydrogel machines that might be injected and actuated
by magnetic field after self-healing in the post-injection step.

A precise design at the microscale of the integration of the magnetic
particles within the network of polymer nanofibres is required to enable
the magnetic actuation of polymer composites [23]. The response of
these particles to the magnetic stimulus obviously depends on the
macroscopic stiffness of the whole composite, but also on the visco-
elasticity of the media at the particle level and the concentration and
state of aggregation of the particles, which govern their motion at the
microscale. Inside a network of polymer nanofibres, the motion of par-
ticles is highly restricted and, thus, the potential changes in dimensions
(e.g., elongation) of the magnetic actuators based on them are also
limited [24]. Recently we found unexpectedly large changes in the
viscoelastic properties of physical magnetic gels, which we attributed to
the aggregation of the constituent particles into clusters at the stage of
gelation. The particles within the clusters can reply collectively to
external magnetic stimuli, enhancing the responsiveness of the physical
magnetic gel [25]. Other authors have also demonstrated that a relevant
factor influencing the magnetic response of magnetic polymer materials
is a predesigned particle distribution, so that particles can collectively
respond to the magnetic stimulus. For magnetic elastomers,
pre-alignment of the magnetic particles within the polymer matrix
proved to be a successful approach to improve their responsiveness to
external magnetic fields [26-28] showing higher degree of deform-
ability and even anisotropic mechanical response [29]. Similarly, for
magnetic hydrogels based on a chemical network, Sitti’s group [7]
demonstrated grasping actuation thanks to the pre-established aniso-
tropic distribution of the magnetic particles into chains. However, all
these magnetic actuators are based basically on bending and/or
twisting, while, to the best of our knowledge, the magnetic field-induced
elongation of hydrogels remains almost unexplored in the field of
hydrogel actuators, very likely due to the reduced elongation reported in
previous works for magnetic hydrogels, and the lack of reversibility [12,
30].

Here we investigate magnetic alginate hydrogels crosslinked by ionic
interaction mediated by calcium ions. Our choice of alginate was
motivated by its abundance and low cost, as well as by its excellent
biocompatibility and biodegradability [31]. With respect to the partic-
ular magnetic alginate hydrogels of the present work, we previously
evaluated their cytotoxicity ex vivo and found that human fibroblasts
remained viable after 48 h of cell culture in contact with the hydrogels
[32]. We have also evaluated the biocompatibility of other magnetic
hydrogels and have not found negative results in terms of ex vivo cyto-
toxicity or damage to vital organs in in vivo experiments [33,34]. What is
more, some other works have even demonstrated that the presence of
magnetic nanoparticles in scaffolds used for tissue engineering appli-
cations, stimulates adhesion, proliferation, and differentiation of cells in
vitro, and even bone formation in vivo [35,36]. In the present work, we
first analyse if particle collectivity also enhances the ability of physically
crosslinked alginate magnetic hydrogels to elongate in response to
external magnetic stimuli. For this, we study the change of length during
the process of magnetization under a homogeneous magnetic field
(magnetostriction), as the purest balance between elasticity and
responsiveness to the applied magnetic field. Our results demonstrate
high and reversible magnetostriction for these composite hydrogels,
which can be tailored by changing design parameters such as the
preparation method, the magnetic particle concentration, or their
pre-alignment in a preestablished direction. We then present a theo-
retical model based on the hypothesis that magnetic particles are
aggregated into clusters at the microscale, which provides an accurate
description of the experimental results at the macroscale. Finally, we
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demonstrate that this high and reversible elongation responsiveness to
the magnetic field can be exploited in a proof-of-concept valve device.

2. Experimental
2.1. Sample preparation

2.1.1. Alginate-based gels

Alginate-based magnetic gels were prepared by first dispersing so-
dium alginate (Sigma Aldrich, USA) in distilled water at a concentration
of 1 % w/w. Once the solution was clear, 7.5 mg of calcium carbonate
(CaCOg, Sigma Aldrich, USA) and 26.7 mg of D-glucono-é-lactone (GDL,
Sigma Aldrich, USA) were mixed with 5 mL of the sodium alginate so-
lution in a plastic vial, and vortexed until full dispersion. When dissolved
in water, GDL, hydrolyses to gluconic acid and promotes a slow
decomposition of CaCO3 and controlled liberation of Ca?*t ions. Each
positively charged Ca" ion is attracted to two alginate chains (nega-
tively charged), acting as crosslinking agent. Therefore, the GDL-
mediated change of pH contributed to a homogeneous gelation
throughout the hydrogel volume. After 90 min, the gelling mixture was
broken up with a vortex mixer until it fully showed a fluid-like behav-
iour (Fig. S1). Immediately afterwards magnetic particles (silica-coated
iron powders Fe-CC, BASF, Germany) were added to the mixture (final
concentrations of 2.5, 5 and 7.5 % v/v) and homogenized by 10 min of
ultrasonication (AL04-03-230 ultrasonic bath, Advantage Lab,
Belgium). Then, we poured the mixture into cylindrical containers and,
when additional curing of the hydrogels was sought to increase the
stiffness of the matrix (termed as double calcium-cured gels), the same
volume of a 45 mM aqueous solution of calcium chloride (CaCls, Sigma,
Aldrich, USA) was added to the mixture. Finally, the containers were left
undisturbed overnight to allow complete gelation. To test a potential
reinforcement of the specimens by magnetic field-induced alignment of
the constituent particles, some of the preparations (termed here as
magnetic field-cured gels) were gelled in the presence of an external
magnetic field, provided by a coil (magnetic field intensity of 15.7 kA
m™1). We investigated three different orientations of the direction of the
applied magnetic field with respect to the axis of the cylindrical tubes
containing the samples: parallel to the axis, forming an angle of 45° with
respect to this axis, and perpendicular to it. Unless otherwise specified,
results shown in this work for the magnetic field-cured gels correspond
to samples gelled under a magnetic field applied parallel to the axis of
the cylindrical containers. The final height and diameter of the obtained
cylindrical gel specimens used in magnetostriction experiments were
approximately 15 mm and 12 mm, respectively.

Table 1
Identification of the sample types studied in this work.

Sample Step 1: Step 2: Step 3: the samples were left
Curation breakage of overnight for complete gelation
ith CaCO, the hydrogel
with Ly the fydroge Addition of  Application of a
for 90 min and mixture L
. . CaCl; at the magnetic field
with magnetic o ; X
. beginning of during the first
particles
step 3 hour of step 3
Simple Yes Yes No No
calcium-
cured
magnetic
gel
Double Yes Yes Yes No
calcium-
cured
magnetic
gel
Magnetic Yes Yes No Yes
field-
cured
magnetic
gel
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A summary of the conditions used for each preparation is shown in
Table 1.

2.1.2. Magnetic suspensions

For the preparation of the magnetic suspensions, we dispersed
magnetic particles (Fe-CC, BASF, Germany) with final concentrations of
2.5 %, 5 % and 7.5 % v/v in 5 mL of mineral oil (Alfa Aesar, Germany),
followed by sonication for 10 min.

2.1.3. Magnetic elastomers

To prepare the magnetic elastomers, we mixed the magnetic particles
(Fe-CC, BASF, Germany) with 5 mL of room-temperature-vulcanizing
(RTV) silicone (Gran Velada, Spain) and stirred mechanically. Once
the mixture looked homogeneous, we added 0.25 mL (5 % v/v) of the
catalyst provided by the manufacturer and stirred to ensure complete
mixture. Finally, we poured the mixture into moulds to make cylindrical
samples of 20 mm diameter and 1.4 mm height. Samples with three
different concentrations of magnetic particles (2.5, 5 and 7.5 % v/v)
were prepared.

2.2. Electron microscopy imaging of the iron particles

The morphology (i.e., size and shape) of the iron particles (Fe-CC,
BASF, Germany, diameter = 1.5 + 0.7 pm, see Fig. 52) was characterized
by scanning electron microscopy (SEM) by means of a Quanta 3DFEG
(FEI, USA) microscope with the accelerating voltage 5/20 kV.

2.3. Scanning electron microscopy imaging of the gel microstructure

The microscopic structure of the hydrogels was analysed by scanning
electron microscopy (SEM) using a FEI Quanta 400 microscope (Thermo
Fisher Scientific, USA). Specimens were prepared by first fixing the gels
in 2.5 % glutaraldehyde solution in cacodylate buffer (0.1 M, pH = 7.4)
for 2 h at 4 °C. After this step, the samples were washed with the same
buffer (three buffer changes of 15 min each at 4 °C), followed by post-
fixation with 1 % osmium tetroxide in dark for 1 h at room temperature.
The samples were then washed in distilled water (3 changes every 5
min) and then dehydrated in a gradient of increasing ethanol concen-
tration at room temperature (50 %, 70 %, 90 %, 100 % ethanol, 15 min
contact with each phase). Finally, the samples were washed two times
more with 100 % ethanol (15 min each time) and desiccated by the
critical point method [37] with carbon dioxide in a Leica EM CPD300
dryer (Leica, Germany). The specimens were finally either
carbon-coated in a carbon evaporator EMITECH K975X (Fedelco, Spain)
or coated with Au-Pd (ion sputtering method) in a Polaron Unit SEM
Coating SC7640 sputter coater (Polaron Equipment, United Kingdom).

2.4. Measurement of the Young’s modulus of the magnetic gels and
elastomers

For the gel samples we measured the Young’s modulus under
compressive forces, using a rheometer Haake Mars III (Thermo Scien-
tific, Germany) provided with a parallel plate geometry. For this pur-
pose, the sample was placed between the two plates and the variation in
height for increasing values of the modulus of the applied normal force
was monitored (the upper plate descended at a rate of 0.1 mm s~ 1). In
the case of the elastomer samples, the Young’s modulus was evaluated
using tensile forces in a DHR-1 rheometer (TA Instruments, USA). All the
experiments were conducted at room temperature (25 °C).

The Young’s modulus (E) was calculated based on the following
equation:

F

——

h(0) — h(F )'
S

h(0) )

Where o is the normal stress, F is the normal force applied by the plate, S
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is the sample surface area in contact with the plate, h(0) is the initial
height of the sample, and h(F) is the height for each value of the applied
force. For each set of experimental conditions, we measured at least
three different samples and each sample was tested 4-6 times. Here, we
provide the corresponding mean values and standard deviations of the
measurements.

2.5. Characterisation of the magnetorheological behaviour

The magnetorheological (MR) behaviour of the ferrogels, the mag-
netic suspensions and the magnetic elastomers was characterised using a
rheometer Physica-Anton Paar MCR 300 (Anton Paar, Germany)
equipped with a parallel plate geometry. For the ferrogels and the
elastomers we used 20-mm diameter cylindrical specimens with heights
of 1 and 1.4 mm, respectively. In the case of the magnetic suspensions,
we pipetted enough volume of liquid to cover all the surface of the
bottom plate, and then used a 0.3-mm gap thickness ensuring complete
contact of the liquid with the top plate. After that, a fixed strain of 0.03
% with frequency equal to 1 Hz was applied for 10 s and the modulus of
the complex viscosity was recorded in the absence of field. The field was
then turned on and progressively raised in a linear ramp consisting of 30
steps from 0 to 284 kA m~! (field variation in each step = 9.5 kA m ).
For each step of the ramp, the same oscillatory strain was applied, and
the modulus of the complex viscosity measured for 10 s. Once the
highest field was reached, it was progressively reduced in a linear ramp
of 30 steps (field variation in each step = 9.5 kA m 1) and 10 s of
duration for each step, with the modulus of the complex viscosity
monitored. Once all the measurements under magnetic field application
were completed, we re-measured the behaviour in the absence of field.
All the samples were measured at room temperature (25 °C).

2.6. Characterisation of the magnetostriction effect

The elongational deformation of magnetic hydrogels under applied
magnetic fields up to 57.4 kA m! (in steps of 7.14 kA m) was
measured using a CMOS Multi-Function Analogue Laser Sensor (IL se-
ries, KEYENCE, Japan), consisting of an IL-S065 sensor head and an IL-
1000 amplifier unit. For the application of the magnetic field, we used a
coil connected to a DC power supply. The field distribution generated by
the coil was simulated by Finite Element Method, using FEMM software,
evidencing high homogeneity of the field in the position of the sample (i.
e., at centre of the coil), as shown in Fig. S3. The sample height was
measured under increasing magnetic fields (with steps of 7.15 kA m™!)
until the maximum field (57.4 kA m’l) was reached (upward ramp). To
investigate potential hysteresis phenomena, the field was then gradually
decreased (downward ramp) while measuring the sample height for
each of the fields used in the upward ramp. For each step of the upward
or downward ramps, the field was maintained for 1 min, and the sample
height was recorded every 5 s. All the measurements were conducted at
room temperature. The hysteresis area was quantified from elongation
vs field intensity plots by subtracting the area under the lower curve
(upward ramp) to the area under the upper curve (downward ramp).

In separated experiments, we investigated the fatigue behaviour of
hydrogels. For this aim we applied successive cycles consisting of 1 min
in the presence of a given value of the applied magnetic field (on state),
followed by 1 min in the absence of applied magnetic field (off state).
During fatigue experiments we recorded the sample height every 5 s.

2.7. Creep-recovery experiments

Creep-recovery experiments were performed using a Physica-Anton
Paar MCR 300 (Anton Paar, Germany) equipped with a parallel plate
geometry. With these experiments we sought to estimate the relaxation
time of the samples after removal of an applied magnetic field. With this
aim, we measured the deformation of the samples during 60 s under a
specific stress. The value of the applied stress chosen in each case led to
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the same relative deformation obtained in the magnetostriction exper-
iments. After 60 s, the stress was removed, and we monitored again the
deformation of the samples for 60 s. We recorded the deformation every
0.1 s, thus obtaining 1200 points per experiment. The samples were
prepared in the shape of discs with a diameter of 20 mm and 1 mm of
thickness.

2.8. Construction of a valve actuated by the magnetic field

To test the potential applicability of magnetic field-induced changes
in dimensions of the gel in actuators, we built a device aimed to work as
a valve. The device was printed with a 3D printer XYZ PRINTING Da
Vince 1.0A (XYZ PRINTING, USA) and consisted of a main channel
(rectangular section, side length = 5 mm, height = 20 mm) provided
with a reservoir for the magnetic gel (simple calcium-cured at a con-
centration of 7.5% v/v of magnetic particles in these experiments).
Downstream of the reservoir, the channel was equipped with a lateral
input (see Fig. 4a) connected to a supply of fresh water and giving the
device an approximate Y shape. A constant supply of an orange dye
solution (Orange II sodium salt, concentration 5 gL, Sigma-Aldrich)
was fed to the main channel, which was initially blocked by the
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hydrogel. When a neodymium magnet (428 mT at the surface level) was
approached to the hydrogel, it contracted perpendicularly to the direc-
tion of the flow because of the magnetic field, and allowed the orange
dye solution to flow through the main channel, thus leading to an output
of orange-coloured liquid. When the magnet was removed, the gel
virtually recovered its original dimensions, blocking the channel again.
Thanks to the continuous supply of fresh water by the lateral input, the
liquid at the outlet of the tube became transparent again.

3. Results and discussion

Three main types of magnetic composites, based on dispersions of
magnetic particles, can be identified depending on the viscous and
elastic properties of the carrier matrix (Fig. 1a). In this work, we focus on
magnetic hydrogels based on an alginate polymer crosslinked by addi-
tion of CaCOg, and a dispersed magnetic phase consisting of iron par-
ticles (Fig. 1b). For some preparations we also introduced some
additional changes in the protocol, either by conducting stronger gela-
tion upon addition of CaCly (double calcium-curing), or by the appli-
cation of a magnetic field for 1 h after particle addition (magnetic field-
curing), as illustrated in Fig. 1b (see also Table 1). The Young’s modulus

A _ Fig. 1. Overview of sample preparation and
:’ elastic and viscous characterisation. A. Dia-
purely viscous matrix viscoelastic matrix elastic matrix gram showing types of formulations of
liquid-like MAGNETIC GELS solid-like magnetic composites depending on the me-
chanical (viscoelastic) properties of the car-
MAGNETIC MAGNETIC rier matrix. B. Scheme showing preparation
SUSPENSIONS ELASTOMERS procedures for the magnetic gels tested in
this work. Magnetic particles were dispersed
B - . in alginate matrices crosslinked with the
_ CaCIz calcium ions provided by CaCOs. Three
MAGNETIC GELS . . different formulation protocols were tested:
SIMPLECALCIUM:CURED MAGNETIC/GEL (i) no special treatment (simple calcium-
cured gels); (ii) adding CaCl, to increase
i + CaCI; u the degree of crosslinking (double calcium-
kj& { . a——— E cured gels); (iii) applying an external mag-
S 4. b ~ + [P ‘< ' netic field during gelation to enable forma-
~ . = /Jf‘ .. @g 2, DOUBLE CALCIUM-CURED MAGNETIC GEL tion of an anisotropic gel (magnetic field-
Sodium (cggz; ! ) = Iron particles <‘\( cured gels). C. and D, Schemes showing the
alginate 3 ALGINATE 0,,, preparation of magnetic suspensions and
GEL MATRIX elastomers, respectively. E. Column chart
showing the Young’s moduli of magnetic
gels vs the concentration of magnetic parti-
. | cles. F. Plot showing the evolution of the
ANISOTROPIC, MAGNETIC FIELD-CURED MAGNETIC GEL complex viscosity (relative to its value at
zero field) with increasing intensities of the
C  MAGNETIC SUSPENSIONS [P MAGNETIC ELASTOMERS applied magnetic field for the three ypes of
formulation containing 7.5% v/v of mag-
- netic particles.
Iron particles \ Iron particles
+ +
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;"f P B Double calcium-cured % 2000 |Double Caéc'ur?d gel
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Fig. 2. Magnetostriction of magnetic gels. A.
Plot showing the time evolution of the magne-

A
Simple calcium-cured, 5% v/v B
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w H =28. c
6
- H =35, il S
§ 6 piomin e &
© H = : —— B
% 4 il‘.ll"' i % 4
ko] |5 .
o : .
7 L~ 3
S0l | 0 [
0 200 400 600 800 25 5 75

c Time. t (s) N
Simple calcium-cured, 5% v/v

w
o

Concentration of magnetic particles (% v/v)
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® Magnetic field-cured

tostriction, ¢ (equation (2)), for a simple calcium-
cured magnetic gel (5 % v/v iron particle con-
centration) under magnetic field application.
Similar results were obtained for other gel types
or particle concentrations (see Fig. S6-S8) B.
Column chart comparing the maximum magne-
tostriction (i.e., relative elongation) experienced
by all the gel types vs. the volume fraction of
particles in the gels. C. Plot of the magneto-
striction values (simple calcium-cured gel, 5 % v/
v iron content) as a function of the magnetic field
to demonstrate the hysteretic behaviour for gel
deformation. Similar results were obtained for
other gel types or particle concentrations (see
Fig. S6-58). D. Column chart representing the
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strongly increased when the samples were double calcium-cured
compared to the samples not subjected to an additional curing step (i.
e., simple calcium-cured gels), while no significant increases of this
quantity were measured for gels subjected to a magnetic field during
curing (see Fig. 1e). Indeed, for the double calcium-cured gels (7.5% v/
v) the Young’s modulus was of the same order of magnitude as for an
elastomer with the same volume fraction of magnetic particles (352 +
53 kPa). All the magnetic gel preparations were dark grey in colour,
associated with the magnetic particles, self-standing, and did not flow
when the sample vials were turned upside down (Fig. 1b). For double
calcium-cured gels, the samples shrank in the radial direction during the
curing step, losing contact with the vial walls and falling to the bottom of
the vial when it was turned upside down, due to gravity, but the gel
integrity was maintained. In the case of magnetic field-curing, black
chain-like aggregates of magnetic particles aligned in the direction of
the field could be clearly identified with the naked eye (Fig. 1b). Finally,
and for comparison, we also prepared magnetic composites on the other
ends of the formulation spectrum, i.e., magnetic suspensions and mag-
netic elastomers, with the same particle concentrations used for the
hydrogels (2.5, 5 and 7.5 % v/v). In the first case, we simply dispersed
the magnetic particles in mineral oil (viscosity at 25 °C is 0.028 + 0.001
Pa s), which led to a liquid-like sample that could be easily poured from
the container (Fig. 1c). For the preparation of the elastomers, the
magnetic particles were dispersed in room-temperature-vulcanizing
(RTV) silicone, resulting in a self-standing, rubber-like disk (Fig. 1d).
We first confirmed that the rheological (i.e., flow) behaviour of the
gels under external stresses was intermediate between those of the
suspension and the elastomer. To confirm this, we placed the samples
between the two parallel plates of a rheometer and allowed the upper
plate to rotate to induce a shear stress. At the same time, an external
magnetic field was applied in the direction perpendicular to the plates to
monitor changes of the sample complex viscosity with the intensity of
the magnetic field. As expected, this change was almost negligible for
the magnetic elastomer, because of the reduced mobility of the magnetic
particles in the crosslinked silicone network, which hindered assembly
of chain-like structures (Fig. 1f). On the contrary, the suspension

I l ®m Magnetic field-cured
2.5 5 7.5

Concentration of magnetic particles (% v/v)

® Simple calcium-cured

) hysteresis area between the upward and down-
® Double calcium-cured

ward curves of plots like those in C, normalized
by the maximum value of magnetostriction.

exhibited strong increases of the complex viscosity under an applied
magnetic field and started to get saturated at the highest fields (Fig. 1f).
Indeed, the liquid-like nature of the mineral oil carrier allowed the
magnetic particles to freely move to build aggregates in the field di-
rection, leading to a strong change of the suspension viscosity with the
field. The behaviour of the gel (double calcium-cured in Fig. 1f) was in
between these two extreme cases. At low magnetic fields, the change of
viscosity with the field was weak, like the elastomer case. However,
under medium to high fields, the viscosity strongly changed with the
field intensity, even at a faster rate than for the suspension at the highest
fields (Fig. 1f). This could be explained by the different microscopic
structures of the three formulations. In the case of the gel, the elasticity
of the alginate network dominates at low fields, while magnetic forces
between the constituent particles become dominant as the field in-
creases, which explains why the viscosity of the magnetic gel
approached rapidly the typical values for the suspension. However, in
the case of the magnetic elastomer, the polymer network is so stiff that
its elasticity dominates over magnetic forces even for the highest mag-
netic fields. Similar trends were obtained for lower particle concentra-
tions (2.5 % v/v and 5 % v/v, see Fig. S4), although the difference in the
MR effect between the suspensions and the gels at these lower particle
concentrations became considerably larger, even at the highest mag-
netic fields. This could be explained because at lower particle concen-
tration, the particle clusters were more spatially sparse, and the
magnetic interaction between them would have been weaker, consistent
with its rapid decay with distance (it scales with r~*, r being the sepa-
ration distance between magnetic domains under the dipole approxi-
mation). As a result, the magnetic interaction was likely not large
enough to overcome the elasticity of the alginate network at 2.5 % and 5
% v/v.

Once the flow behaviour upon external stress was characterised, we
undertook a series of experiments in the absence of external forces other
than the external magnetic field (we corrected the values for the effect of
gravity and potential dehydration), intended to investigate the ability of
magnetic gels to change their dimensions in response to applied mag-
netic fields. To quantify this response in such a way that it can be
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Fig. 3. Particle cluster formation within
magnetic gels and theoretical model. A.
Scanning electron microscopy (SEM) micro-
graphs for the simple calcium-cured and
magnetic field-cured gels. Scale bars corre-
spond to 100 pm and 10 pm for the top and
bottom images, respectively. B. High
magnification SEM image of magnetic par-
ticles within the alginate network which al-

lows identification of polymeric fibres
attached to the surface of the magnetic par-
ticles. Scale bar = 2 pm. C. Sketch depicting
magnetic particle clusters (grey spheres)
within an alginate network (blue colour) as
considered by our theoretical model. D. Plots
showing the magnetostriction (as in Fig. 2A)

vs. the square of the magnetic field intensity,

H? for the simple calcium-cured, double
calcium-cured and magnetic field-cured gels.
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objectively compared with other systems, we selected magnetostriction,
as the purest balance between elasticity and responsiveness to the
applied magnetic field. For this aim, we monitored the changes in length
of cylinder-like specimens over time and upon increasing magnetic field
intensity using a laser sensor. When the field was activated, the gel
samples underwent positive magnetostriction, that is, a positive value of
the normal strain, ¢, under the magnetic field was measured:

h — hy

o @

Here h and hy are respectively the sample height under a magnetic field
H and in the absence of magnetic field. This relative elongation (normal
strain ¢) progressively increased as the magnetic field intensity was
raised, as shown in Fig. 2a for a concentration of particles of 5% v/vin a
simple calcium-cured gel. Remarkably, the relative elongation at the
highest field (57.1 kA m™!) was around 6.5 %. This elongation was
higher than previously reported values for silicone elastomers of similar
aspect ratio to our magnetic gels, which reached maximum elongations
of around 4.5 % for much higher particle concentration (30 % v/v) and
much stronger fields (approx. 1 T ~800 kA/m) —see Fig. S5 [38].
Significantly, the magnetostriction of our gels was even higher than that
reported for magnetic foams [39] (see Fig. S5), which due to the

compressibility of the dispersed phase (i.e., air) are a priori much more
easily deformable.

The preparation and curing protocols had a significant impact on the
magnetostriction behaviour of the magnetic gels. Significantly, the
maximum magnetostriction became weaker when the gel was cured
with the addition of CaCl; (i.e., double calcium-curing) and thus, the
degree of crosslinking was enhanced (Fig. 2b, S6-58). Therefore, while
double calcium-curing increased the solid-like, elastic, nature of the gels
as shown in Fig. le, it did not improve the elongation upon field actu-
ation. This result is not surprising though, because magnetostriction
stems from a balance between the demagnetizing energy of the sample
(which is reduced by elongation along the field) and its elastic energy
(which increases with deformation), the latter being higher for more
robust polymer networks under equal deformation. Similarly, pre-
aligning the particles into elongated, chain-like, structures along the
field direction during magnetic curing did not enhance the magneto-
striction when compared to the simple calcium-cured samples, where
the particles were isotropically distributed into clusters within the
polymer matrix. This is an interesting result since, in general, aniso-
tropic particle distribution is required for maximization of responsive-
ness to the field of magnetic elastomers and gels [7,29]. Our results can
be explained by considering that particles isotropically distributed



F.J. Vazquez-Perez et al.

A B
Ll_ "
w b
(@)
(=]
. -
Magnetic w
gel w
/! ¢ l
Fresh water Reservoir g
supply a
-
4 w
| fr
Orange dye sc¢
FIELD OFF
-

experience, in average, a higher magnetic field gradient when a field is
applied than particles pre-aligned along the magnetic field, i.e., already
in the minimum energy configuration. Consequently, the internal
magnetic forces giving rise to magnetostriction would have been higher
for an isotropic distribution of particles, resulting in increased magne-
tostriction, in agreement with the results of Fig. 2b, S6-58. Altogether,
the data in Fig. 2b, S6-S8 suggest that although a certain degree of
matrix rigidity is needed to enable magnetostriction (i.e., liquid-like
samples like suspensions do not experience magnetostriction), too
tough hydrogel networks hinder it by reducing particle mobility and
increasing the matrix elastic energy.

Changes in concentration of magnetic particles had different effects
depending on the sample preparation method. For example, for the
simple calcium-cured gel, raising the particle concentration from 2.5 %
to 5 % v/v led to an increase of the field-induced elongation, when
measured under the same strength of the magnetic field (Fig. 2b, S6-S8).
Increasing the concentration of magnetic particles from 2.5 to 5 % also
resulted in a slight decrease of the Young’s modulus (Fig. 1e), and thus
in a weaker polymer network, more deformable under an applied
magnetic field. This, together with the stronger magnetic response
associated with higher magnetic content, would explain the higher
elongation of the 5 % sample. However, a further increase of the particle
concentration from 5 % to 7.5 % v/v did not follow the same trend, and
caused the maximum magnetostriction to decrease, although it
remained higher than that of the 2.5 % sample. The same change in
particle concentration gave rise to an increase of the Young’s modulus,
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Fig. 4. Magnetically-actuated valve based
on hydrogel length changes. A. Sketch of the
magnetically-actuated valve. B. Snapshots
showing hydrogel contraction in the direc-
tion perpendicular to the flow when a neo-
dymium magnet was approached to the
device. C. Snapshots from Supplementary
Video 1 demonstrating the valve-like
behaviour of the device. Brightness and
contrast adjustments have been applied to
the pictures in B and C. The direction of the
applied magnetic field, H, is indicated with a
red arrow. (For interpretation of the refer-
ences to colour in this figure legend, the
reader is referred to the Web version of this
article.)

probably related to a larger number of particles connected by polymer
strands. This increase of the stiffness of the 7.5 % v/v sample, could not,
most likely, be compensated by the higher magnetic response associated
with higher magnetic content, and thus, the deformability of the sample
was hindered. Notably, for the double calcium-cured gels, the magne-
tostriction increased monotonically with the particle concentration
(Fig. 2b, S6-S8), even though the stiffness of these gels also increased
with the particle concentration, as evidenced by the increase of the
Young’s modulus observed in Fig. le. Therefore, in this case it seems
most likely that the change of the magnetostriction with the particle
concentration was less dependent on changes of the polymer network
and should have been mostly ascribed to the enhancement of the mag-
netic response of the material upon field application. Finally, for the
magnetic field-cured gels, increasing the particle concentration also
resulted in stronger magnetostriction caused, again, by a more pre-
dominant effect of the magnetic interaction energy over the elastic one.
Indeed, higher particle concentrations should result in thicker particle
chain-like aggregates during magnetic curing, which in turn, should lead
to increased magnetic forces.

We also monitored the length of the sample when the magnetic field
was gradually removed, to get information on the reversibility of the
field-induced elongation. As observed in Fig. 2a and summarised in
Fig. 2¢, samples did not fully recover the original dimensions immedi-
ately after field removal, thus demonstrating shape persistence and
memory. In addition, for the same value of the magnetic field, the
elongation was higher when the field was decreased after the maximum
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field had been reached, i.e., the downward curves (decreasing magnetic
field) appeared above the upward curves (increasing magnetic field) in
all cases (Fig. 2c). Therefore, the gels showed hysteretic behaviour,
indicating that the relaxation of the elongation required longer times
than those of our experiments. Indeed, after a time long enough from
field removal no statistically significant differences in strain (deforma-
tion) were observed for gels subjected to magnetostriction experiments
with respect to control gels (not subjected to magnetostriction, but only
to gravity and time), as seen in Fig. S9. The normalized hysteresis area,
quantified from plots like those in Fig. 2¢, S6-S8, was in general higher
for the double calcium-cured samples compared to the untreated gels
—an exception was the sample with 5 % v/v particle concentration
(Fig. 2d).

To get information on the responsiveness to the applied magnetic
field over successive cycles of application/removal of the field, we
subjected the hydrogels to fatigue experiments (Fig. S10). As observed,
there was a gradual increase of strain for the successive cycles, both in
the on state (under a magnetic field) and in the off state (after field
removal). Interestingly, a significant responsiveness to the application/
removal of the magnetic field was maintained in all cases over the total
length of the experiments, more intense for the simple calcium-cured
hydrogels at the highest magnetic field strength.

For magnetic field-cured gels, we also investigated the effect of the
direction of the curing magnetic field on the magnetostriction (Fig. S11).
As observed the magnetostriction was much higher when the sample
was cured under a field at angles of 45° or 90° with respect to the di-
rection of the field applied in magnetostriction experiments, highly
likely because of the additional effect of the torque exerted by the
magnetic field on particle chains inclined at an angle with respect to its
direction. However, these samples (cured at angles of 45° or 90° with
respect to field in magnetostriction experiments) did not maintain the
cylindrical shape at the highest fields, suffering from bending, which for
the particular case of 90° prevented from performing reliable mea-
surements for fields above approx. 17 kA/m. On the contrary, the cy-
lindrical shape remained stable in samples for which the curing field and
magnetostriction field were parallel.

Concerning the increase in hysteresis area observed in Fig. 2d, this
might be connected to a more robust polymer network obtained upon
curing, which would lead to longer relaxation times. To corroborate this,
we designed creep-recovery (i.e., sudden deformation) experiments in
which a constant stress (leading to deformations similar in magnitude to
those in the magnetostriction experiments) was applied for 60 s with
sample deformation (strain) monitoring, and then released while still
recording the strain for 60 more seconds. As observed in Fig. S12 for
samples with 7.5 % v/v particle concentration, the simple calcium-cured
gels deformed almost instantaneously when the stress was applied, fol-
lowed by an increase of the strain over time (Fig. S12a), a behaviour
typical of a viscoelastic (Maxwell) liquid, in agreement with the low
degree of crosslinking of these samples.

On the other hand, the strain measured for the double calcium-cured
gels gradually increased with the applied stress (Fig. S12b), as it happens
for a viscoelastic (Kelvin-Voigt) solid, associated with the strong cross-
linking of the alginate matrix given by the calcium ions. Once the stress
was released, the strain of the simple calcium-cured gels was very
rapidly relaxed from ca. 5 %-1 % in a few seconds (Fig. S12a), while for
the double calcium-cured gels, the decrease of strain was much more
gradual (Fig. S12b).

To explain the remarkably high elongation of the simple calcium-
cured gels at increasing magnetic fields, the microstructure of the gels
was examined by optical and scanning electron microscopy (SEM). In
agreement with previous results of our group [25], the magnetic parti-
cles appeared aggregated into particle clusters well integrated within
the network of alginate fibres (Fig. 3a and b). The particle clusters
presumably formed because at the sample preparation stage, the mag-
netic particles were added to an incipient gel matrix (i.e., particles and
the alginate gel were mixed after the gel had already reached some
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consistency, see Experimental section). In the case of the magnetic
field-cured gels, the particle clusters had an elongated shape (Fig. 3a),
corroborating the observations of Fig. 1b. We hypothesized that clus-
tering of the particles would lead to a collective response responsible for
the high magnetostriction of simple calcium-cured gels. Thus, based on
these observations we developed a theoretical model for the magneto-
striction (see Supplementary Information) that approximates the parti-
cle clusters as perfectly spherical inclusions of magnetic particles within
the hydrogel environment (Fig. 3c). Under this approximation, and
considering the whole sample as paramagnetic, we can estimate the total
change in the free energy of the sample as the sum of the change asso-
ciated to the interaction of the sample with the magnetic field and the
change associated to the elastic contribution due to the deformation of
the gel matrix. Then, by minimization of the change in free energy, we
can obtain the equilibrium strain, ¢, under a magnetic field, H, as:

H2
e Ho i (d&;(e _ fd5N>~ (S8)
2 (1+4y,N)E de de

Here u, is the vacuum magnetic permeability, y, is the effective
(macroscopic) susceptibility of the sample, N is the demagnetizing
shape-factor of the sample (6N, its change with the deformation), and &y,
is the change of the susceptibility associated with changes in the relative
positions of the paramagnetic inclusions because of the sample defor-
mation. With the aim of fitting equation (S8) to the experimental data,
we neglected ddy,/de vs. y>dSN/de, which should hold true since the
susceptibility of the samples would have changed little for the experi-
mental strains. We calculated the latter by using tabulated data for el-
lipsoids of revolution as in Ref. [40].

From equation (S8) ¢ is proportional to the square of the applied
magnetic field, H2. Thus, we plotted our experimental data against H?
and fitted them to equation (S8) in Fig. 3d, using experimental values for
the Young’s modulus. According to the reduced chi-square statistics (2
< 0.5 in all cases), the experimental magnetostriction was well fitted by
equation (S8) for the double calcium-cured gels (Fig. 3d, middle plot).
For the simple calcium-cured gels (Fig. 3d, left plot), the fitting was
reasonably good for low and high particle concentrations (i.e., 2.5 and
7.5 v/v %; x? in the range 0.6-1.7), but failed at the highest magnetic
field strengths for medium particle concentrations (5 v/v %; y% = 5.7)
and overestimated sample deformation (as discussed in the next para-
graph). However, the fitting was poor for the gels cured under an
external magnetic field ()(2 > 3) (Fig. S13), even at low magnetic fields.
The most likely explanation in this latter case is that their magnetization
would not follow a linear relationship with the magnetic field, because
of the internal structuration of the magnetic particles into chains (as
seen in Figs. 1a and 3a). To address this issue, we expanded our model to
consider a non-linear relationship between the sample magnetization
and the magnetic field (see Supplementary Information). In doing so, we
obtained a more satisfactory fitting, as plotted in the right plot of Fig. 3d.

From the best fits we obtained the values of the sample susceptibility,
and from these, the concentration of clusters in the ferrogels and the
concentration of particles within the clusters, as shown in Table S1. As
expected, raising the particle concentration from 2.5 to 7.5 % v/v led to
an increase of the magnetic susceptibility, which in turn resulted in an
almost proportional increase of the concentration of clusters. Signifi-
cantly, the model seemed to predict a limit for the particle packing
within the clusters, because increasing the particle concentration from 5
to 7.5 % v/v barely impacted the intra-cluster particle concentration,
which remained ~10 % v/v. Remarkably, both the concentration of
clusters and the particle concentration within these are qualitatively
supported by our optical and electron microscopy observations [25].
Thus, our model quantitatively explains the monotonic increase of strain
due to magnetostriction with particle concentration, as well as the
dependence with the magnetic field for strongly crosslinked ferrogels (i.
e., double calcium-cured). For the simple calcium-cured gels, the
experimental data are less well fitted at the highest magnetic fields for
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the medium particle concentration (i.e., 5 v/v %). Indeed, at the highest
magnetic fields for this sample, a certain degree of saturation for the
deformation was observed, although considerably less significant than
for the gels cured under magnetic fields. A potential explanation is that
the particle clusters might have displaced and changed their position
from the position at zero field under a magnetic field. This is highly
likely, given the weak crosslinking of the alginate network in these
samples, and would explain why the magnetostriction gets saturated in a
similar way to that of the gels cured under magnetic field, where par-
ticles were already aligned in the field direction prior to measurement.
Indeed, we have previously demonstrated [41] that even for double
calcium-cured gels, clusters of magnetic particles were able to move
within the polymer network under much stronger fields (280 kA m™1).
This magnetic-field induced migration of particle clusters was also
responsible of the strong MR effect developed by double calcium-cured
alginate gels [41]. Following the same reasoning, the field-induced
displacement and rearrangement of the particle clusters would have
resulted in more complicated magnetostriction than this predicted by
equation (S8). Therefore, we could conclude that the existence of clus-
ters of magnetic particles, formed at the stage of sample preparation
would be responsible for the large magnetostriction of our alginate gels.
For weakly crosslinked gels (i.e., simple calcium-cured), we might as-
sume that displacement of clusters under an applied magnetic field
would contribute to an additional enhancement of the magnetostriction
of the composites.

We finally designed a proof-of-concept application with the aim of
exploiting in soft actuator devices the responsiveness to magnetic fields
of the magnetic hydrogels. We tested the performance of the gel in a
valve. With this aim, we 3D-printed a device consisting of a main
channel connected to a tube filled with an orange dye solution and
provided with a reservoir for the magnetic gel (simple calcium-cured),
Fig. 4a. In the absence of a magnetic field, the hydrogel blocked the
channel as well as the flow of the dye solution, as shown in Fig. 4c.
Downstream of the reservoir, the channel was provided with a side input
which continuously supplied fresh water. When we placed a neodymium
magnet close to the gel reservoir the magnetic gel contracted in the
direction perpendicular to the flow, in response to the attraction towards
the magnet provoked by the magnetic field gradient (Fig. 4b). Such
contraction was large enough to allow the flow of the orange dye solu-
tion (Fig. 4c). As a result, the liquid at the outlet of the device was
coloured in orange. Note that similarly to magnetostriction in a uniform
field, the contraction here in the nonuniform field stems as a balance
between the elasticity of the sample and its responsiveness to the field.
When the magnet was removed, and thus the magnetic forces dis-
appeared, the gel progressively elongated, recovering its original di-
mensions, thus, blocking completely the channel again approx. 2 s after
field removal (Supplementary Video 1). This delay was due to the hys-
teretic behaviour of the hydrogel, which, as discussed above, was con-
nected to the relaxation of the polymer network after deformation, and
thus it could not be fully eliminated. Once the valve was closed again,
and thanks to the continuous supply of fresh water by the side input, the
liquid at the outlet of the tube became transparent again (Fig. 4c). The
valve could be actuated several times without significant gel degrada-
tion. Although exploratory, our results suggest potential avenues for the
design of soft actuators based on the almost unexplored magnetic
hydrogels.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.polymer.2021.124093

4. Conclusions

In conclusion, we have demonstrated that magnetic hydrogels pre-
pared by dispersing magnetic particles within an incipiently formed
matrix of alginate fibres largely change their length in response to an
applied magnetic field. To quantify this responsiveness to the applied
magnetic field, we have reported the magnetostriction (elongation
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during the process of magnetization) experienced by these samples.
Remarkably high magnetostriction (ca. 6 %) is shown by gels with a low
degree of network crosslink (simple calcium-cured gels), and thus, lower
stiffness (Young’s modulus). However, increasing the level of cross-
linking of the alginate matrix by further addition of calcium ions (double
calcium-cured gels) results in higher Young’s modulus, which in turn
restricts magnetostriction. Indeed, magnetostriction is an interplay be-
tween the elastic energy of the matrix and the magnetic energy of the
sample, so stiffer matrices such as elastomers greatly oppose the field-
induced deformation. When the constituent magnetic particles are pre-
aligned during gelation into chain-like aggregates parallel to the
magnetostriction field, the resulting samples do not experience strong
magnetostriction either, because the gradient force felt by the particles
in this case is smaller. Magnetostriction can be also modulated by
varying the concentration of magnetic particles in the formulation, or
the direction of the particle pre-alignment with respect to the direction
of the field applied during magnetostriction. Remarkably, microscopic
investigations of the gels show that the magnetic particles appear
aggregated into clusters of irregular shape distributed along the alginate
network for the gels cured in the absence of magnetic field, and into
elongated clusters for the magnetic-cured gels. We have also demon-
strated that these clusters are responsible for the strong magnetostric-
tion of gels, because of the effective increase of the volume
concentration of magnetic inclusions (clusters vs. individual particles)
within the gels. Finally, we have developed a proof-of-concept appli-
cation based on a valve bearing a magnetic gel remotely actuated by the
magnetic field. Taken together, our results evidence the potential of
magnetic hydrogels for applications in soft actuators, a field which has
been traditionally dominated by magnetic elastomers. Compared to
elastomers, magnetic gels also have the ability to largely change their
mechanical properties (e.g., their complex viscosity) with the magnetic
field, closely behaving like magnetic suspensions, with the added
advantage of negligible particle sedimentation. This dual behaviour,
together with their biocompatible character, makes magnetic hydrogels
excellent candidates for applications in a variety of fields including
tissue engineering or soft robotics.
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