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Abstract

Magnetorheological elastomers (MREs) mechanically respond to external magnetic stimuli by changing

their mechanical properties and/or changing their shape. Recent studies have shown the great potential of

MREs when manufactured with an extremely soft matrix and soft-magnetic particles. Under the application

of an external magnetic field, such MREs present significant mechanical stiffening, and when the mag-

netic field is off, they show a softer response, being these alternative states fully reversible. Although soft-

magnetic particles are suitable for their high magnetic susceptibility, they require the magnetic actuation to

remain constant in order to achieve the magneto-mechanical stiffening. Here, we present an alternative solu-

tion based on hard-magnetic MREs to provide stiffening responses that can be sustained along time without

the need of keeping the external magnetic field on. To this end, we manufacture novel extremely soft hard-

magnetic MREs (stiffness in the order of 1 kPa) and characterise them under magneto-mechanical shear and

confined magnetic expansion deformation modes, providing a comparison framework with the soft-magnetic

counterparts. The extremely soft nature of the matrix allows for easily activating the magneto-mechanical

couplings under external magnetic actuation. In this regard, we provide a novel approach by setting the mag-

netic actuation below the fully magnetic saturating field. In addition, free deformation tests provide hints

on the microstructural transmission of torques from the hard-magnetic particles to the viscoelastic carrier

matrix, resulting in macroscopic geometrical effects and complex functional morphological changes.
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1. Introduction

Smart materials are bringing sweeping changes in the way humans interact with engineering devices. A

myriad of state-of-the-art applications are based on novel ways to actuate on structures that respond under

different types of stimulus such as light [81], temperature [33, 82], electricity [70, 21], changes in the pH [85]

and magnetic fields [36, 24]. Among them, materials that respond to magnetic stimuli enable to remotely5

modify their mechanical characteristics and macroscopic shape. Such magneto-sensitive materials are usu-

ally composed of two phases: i) a continuous or carrier phase and ii) a discontinuous or dispersed phase

embedded in the former. Regarding the carrier matrix, they are usually classified as magnetorheological

fluids [3, 15, 69], ferrogels [23, 84] and magnetorheological elastomers [6, 5, 17, 28, 32, 49]. Magnetorhe-

ological elastomers (MREs) are composed of a vulcanized polymeric carrier matrix with magnetic particles10

embedded on fixed positions. The type of the magnetic particles plays an important role as it defines the

reversibility or remanence of the magnetisation of the sample. In this way, MREs can contain two major sets

of fillers, referred to as soft-magnetic magnetorheological elastomers (sMREs) and hard-magnetic magne-

torheological elastomers (hMREs).

sMREs exhibit a change in their mechanical properties when an external magnetic field is applied [79].15

However, when the field stops acting, such a change reverts to the original state, i.e., the magnetisation of

the sample is lost. The emergence of hMREs changed the paradigm by allowing for sustained magnetic

effects along time [65]. When magnetic particles with permanent magnetisation are used, the composite

acquires novel magneto-mechanical properties with a wider array of degrees of freedom to design more

complex responses [36, 46]. Contrary to sMREs, the magnetorheological (MR) effect of hMREs (i.e.,20

structural stiffness resulting from magneto-mechanical couplings) depends on the relative orientation of the

magnetic field with respect to the magnetisation of the particles. The stiffening is known to be larger when

the field is applied in the same direction as the magnetisation of the particles (co-directional or direct stimu-

lation) than when the field is applied in the opposite direction (anti-directional or reverse stimulation) [40].

In addition, stimulating with small anti-directional magnetic fields can even decrease the shear modulus of25

the hMRE. This leads to asymmetric hysteresis loops and large energy dissipation due to particles rotation.

In general terms, the magneto-mechanical stiffening when using hard-magnetic fillers is less intense than

with soft-magnetic ones (i.e., the magnetisation of hard-magnetic particles is usually smaller than that of

soft-magnetic ones) [11]. The alignment of particles and formation of chain-like structures, as described in

[78], is one of the underlying mechanisms that drive this phenomenon. hMREs, however, stand out not only30
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for their permanent magnetorheological stiffening, but also for major shape changes.

Unlike soft-magnetic structures, hard-magnetic ones have been proposed as ideal candidates when morpho-

logical changes, and not only changes in the magnetorheological properties, are desired [13]. Some authors

have reported that the magneto-mechanical behaviour of the particles is the result of a competition between

two phenomena [62, 66]. For small magnetic fields, the interphase behaviour is such that the magnetic fillers35

tend to rotate with the field. This leads to mechanical torques transmitted to the carrier matrix that, overall,

result in macrostructural shape changes. However, when the particles are mechanically prevented to turn

(e.g., when using harder matrices [66]) and the magnetic field intensity increases, the magnetic particles

get re-magnetised. Such a consideration enables extremely soft MREs (i.e., matrix with low stiffness) as

ideal candidates for novel applications, as the activation of the magneto-mechanical couplings occurs for40

low external magnetic fields [49, 34]. In the literature, end-of-pipe applications of hMREs are based on two

major characteristics: i) the modification of their mechanical properties (i.e., MR Effect) and ii) macrostruc-

tural shape changes. Note that, contrary to sMREs that only express complex shape changes when there

are gradients in the magnetic fields, hMREs can also express such complex changes in shape under uniform

fields [7]. Smart actuators and sensors are based on the deformation that results from the internal torques45

[8, 38, 43, 41, 58, 80, 87, 83, 73]. Soft robotics, namely as bioengineering applications, are remotely actu-

ated to perform complex and repeatable movements [19, 20, 22, 30, 35, 43, 45, 47, 55, 56, 77, 76, 86]. Also,

hMREs have been used as multifunctional shape-changing structures, e.g., metamaterials and self-healing

structures [29, 42, 48, 53, 68, 16] and for industrial applications such as damping systems and electrical ma-

chines [1, 52]. However, prior to the design of any functional application, an integrative magneto-mechanical50

characterization of the material is crucial.

Experimental and computational methods are used to gain knowledge about the macroscopic magneto-

mechanical response of MREs. Typically, magneto-mechanical rheology is utilised to understand the visco-

elastic behaviour of such structures. Modern magneto-mechanical rheometers allow for testing under differ-

ent deformation modes such as shear [2, 18, 27, 71, 4], axial [12, 39, 54, 59] and free expansion modes [49].55

In the case of hMREs, a setup that permits to magnetise the sample under a large enough external magnetic

field is required. Frequently, electromagnets or impulse magnetisers are used to generate fields up to 5 T

[38]. To help better understand all these deformation modes and magnetic phenomena, several theoretical

approaches have been proposed. The Stoner-Wohlfarth model has been used to understand the magnetisa-

tion and magnetic hysteresis of single-domain small magnetic particles [72]. Microstructural-based models60
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have been reported to understand the underlying magneto-mechanical interactions, i.e., dipole-to-dipole and

Zeeman interactions [25]. Also, energy-based phenomenological constitutive models can be found in [26],

and full-field numerical homogenization modelling, in [51]. This latter approach provides understanding of

microstructural mechanisms that govern the overall response from the consideration of the actual particle

distribution and interactions with the matrix. In general terms, both experimental and computational regards65

are complementary to gain knowledge on the behaviour of hMREs [57]. However, experimental work is

paramount to feed computational models.

Despite the existence of applications that, according to the function, require soft- or hard-magnetic powders

[9, 10, 64], to the best of our knowledge there is still a lack of guidance for the selection of the magnetic

fillers to be used for MREs and the final properties provided to the structure. To make such a decision, a good70

understanding of the multifunctional mechanisms of both soft- and hard-magnetic MREs is necessary. Con-

trary to sMREs, and as a unique feature of hMREs, it is of special interest the study of their behaviour during

and after being permanently magnetised, not necessarily reaching magnetic saturation. Under such circum-

stances, it is essential not only the magnetorheological characterisation, but also the control of the shape

of hMRE structures under magnetic fields and the influence of geometrical effects together with multifunc-75

tional mechanisms at the microscale. Although some relevant works on soft hMREs have been published

[60, 67], to the best of the authors’ knowledge there is still a gap of knowledge on extremely soft hMREs

(stiffness lower than 10 kPa). Such a soft nature of the elastomeric matrix promotes large microstructural

deformations within the MRE that can lead to remarkable macrostructural responses. Therefore, the need of

deeper insights into the response of such structures and comprehensive comparison with the soft-magnetic80

counterparts is necessary to allow for the eventual design of novel applications.

The aim of this work is to provide guidance by an original comprehensive characterization of extremely soft

hMREs tested under different deformation modes (shear, confined and free deformation) and to set a compar-

ative framework with the soft-magnetic counterparts (tested under the same conditions) that were presented

in [49]. To this end, section 2 describes the design conditions and manufacturing of the samples. In sec-85

tion 3, the results for shear rheology of the hMRE during the magnetisation process are first presented and

compared with the soft-magnetic counterparts. Then, Section 4 presents the results from axially confined de-

formation experiments under magnetic field ramps, as well as free deformation tests. These last experiments

are meant to explore microstructural mechanisms, their competition with macrostructural ones and their me-

chanical rate dependencies. Moreover, they provide insights into the control of the morphology of hMREs90
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by means of heterogeneous magnetic fields (i.e., not using the upper yoke of the magneto-rheological acces-

sory) and geometrical effects. Finally, section 5 gathers a comprehensive discussion and conclusions. The

outcome of this work suggests that each type of magnetic filler (soft-magnetic and hard-magnetic powder)

endows MREs with different structural behaviours. The magnetorheological characterisation offers valuable

information about rate and magnetic dependencies. Also, the results prove that the low stiffness of these95

MREs supports novel potential applications as magneto-mechanical interplays get activated from quite low

magnetic thresholds, i.e., the transmission of the actions from the magnetic particles to the soft matrix is

done with special “ease” with respect to stiffer MREs.

2. Materials and synthesis100

The proposed hMRE is composed of an extremely soft elastomer for the continuous phase (carrier matrix)

and hard-magnetic powder for the discontinuous phase (magnetic fillers). In the literature, extremely soft

PDMS matrices have been scarcely used [24, 49, 44, 31]. In this work, the extremely soft elastomer Dowsil

CY52-276 (DowSil, Midland, MI, USA) (PDMS) (stiffness below 10 kPa) was chosen to achieve magne-

torheological stiffening and shape changes with small external magnetic fields. This PDMS is provided by105

the manufacturer in two phases (phase A and phase B), which get cross-linked in the curing process. To this

end, and following the manufacturer recommendations, the phases were blended at the volume ratio 1:1.

In what concerns the magnetic phase, this is made of NdFeB, with hard-magnetic properties, provided by

Magnequench (MQP-S-11-9-grade powder, Neo Materials Technology Inc., Greenwood Village, Colorado,

United States). The median diameter of the spherical-shaped particles conforming the powder is 35 - 55110

µm, and full-permanent saturation magnetisation is achieved with fields above 1600 kA/m (see [72, 62] for

a deeper characterisation of the magnetic powder). The magnetic powder was added to the matrix according

to the volume fractions φ = {0.1, 0.2, 0.3}. To prevent sedimentation of the fillers, the elastomeric phases

and the mould were pre-heated at 80 oC for 2 min. Increasing the initial viscosity of the mixture during the

addition of the magnetic powder guaranteed that its homogeneous distribution within the elastomeric matrix115

was preserved without deposition issues. Note that this is a main difference with the manufacturing method-

ology of sMREs, where the smaller size of the fillers (radius of 3.9 − 5 µm) does not cause sedimentation

phenomenon. The reader can find more detail on the methodology used for sMREs in a previous work by

the authors [49]. Afterwards, the blend was cured in an oven at 80 oC for 2 h, the same as for sMREs. Then,
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1 mm height and 20 mm diameter-wise cylindrical samples were cut with a die. As a final step, to produce120

pre-magnetised samples, virgin ones were exposed to an axial homogeneous magnetic field of 1000 mT.

Fig. 1 summarises the procedure followed.

Figure 1. A scheme of the hMRE synthesis. The manufacturing methodology is composed of three steps: (1) blending of the
components, i.e., the two phases of the pre-heated elastomeric matrix (phases A and B) and the hard-magnetic powder, previously
poured into a pre-heated mould; (2) curing in an oven; (3) die-cutting of 1 mm height and 20 mm diameter samples; (4) the
magnetisation of specimens with homogeneous magnetic fields.

The morphology of the matrix and distribution of the magnetic particles of both hard- and soft-magnetic

MREs were assessed using field emission scanning electron microscopy (FESEM). To obtain cross-section

micrographs, virgin samples were frozen into liquid nitrogen prior to physical fracturing. The samples were125

coated with gold by using the Leica EM ACE600 (Leica, Wetzlar, Germany). Transversal micrographs

were taken using a TENEO-LoVac (FEI, Hillsboro, Oregon) working at 5-10 kV. The results are presented

in Fig. 2, where a homogeneous random distribution of the particles can be observed for both sMREs and

hMREs.

Figure 2. Field emission scanning electron microscopy (FESEM) images of the microstructural arrangement before magnetic
actuation of: A) soft-magnetic MREs, and B) hard-magnetic MREs, both for a particles’ content of 30 vol.%.
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3. Magnetorheological characterisation under shear loading130

Magneto-mechanical rheology was used to characterise the response of hMRE under coupled magneto-

mechanical loading and shear deformation mode. To this end, a TA HR-20 rheometer with Magneto-

Rheology Accessory from Waters TA Q600 (TA Instruments, New Castle, DE, USA) was utilised according

to a previous work [49]. In the experiments conducted, magnetic actuation is such that the magnetic field is

applied perpendicular to the sample, hence ensuring homogeneous fields in the testing region. After being135

exposed to large enough external magnetic fields, virgin hMRE samples acquire permanent magnetisation.

Provided that the focus of the present study was to understand the response during the magnetisation pro-

cess, and not only the behaviour after reaching full permanent magnetisation at saturation, partial remanent

magnetisation rather than fully saturation magnetisation was intentionally pursued. This was done by the

application of maximum fields under the value of 1600 kA/m (fully magnetising field given by the manufac-140

turer). Note that if full saturation magnetisation is achieved, the remanent internal stresses become too large

due to the extremely soft nature of the matrix. This would give raise to undesired extreme shape changes and

magnetic interactions that could compromise the integrity of the composite. To observe the behaviour along

the magnetisation process, different tests were performed under magnetic fields of 0 mT, 200 mT, 500 mT

and 1000 mT on both virgin and pre-magnetised samples. This made possible to compare their structural145

response. As the amount of magnetic particles added to the MRE also plays an important role [24], the

samples were manufactured and tested for magnetic particles’ volume fractions of φ = {0.1, 0.2, 0.3}. The

results obtained for hMREs were compared with equivalent sMREs samples using soft-magnetic carbonyl-

iron powder (CIP) (see [49] for more details).

150

3.1. Constant oscillatory shear

Hysteresis loops (also known as Lissajous figures) are representations meant to provide a straightforward

measure of time-dependent phenomena (e.g., mechanical viscous dissipation), as well as the material be-

haviour under large deformation. A first array of experiments was designed for an angular amplitude of

0.05 rad. The angular velocity of the oscillations was chosen as 2 rad/s. In addition, the sticky nature of155

the sample prevents slippage at the sample-machine interfaces [74, 75, 72]. Shear hysteresis loops in Fig. 3

were obtained from constant angular oscillations plotting the azimuthal shear stress against shear strain at a

radial coordinate r = 2
3rmax, where rmax = 20 mm. Assuming a linear distribution of the torsion angle on
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the rheometer axis (α) along the axial coordinate of the sample, and a linear distribution of the stress along

the radial coordinate, the stress and strain for the representative coordinates are calculated, respectively, as:160

τ(M) =
4M

3πr3max

, γ(α) =
2

3

αrmax

H
, (1)

with H the height of the sample and M the torque on the rheometer’s axis.

The results of the tests have lead to relevant findings. First, the MR effect (defined as G′B=i
G′B=0

, with G′ the

shear storage modulus for a magnetic field B) is less pronounced when using hard-magnetic particles than

soft-magnetic ones, with maximum values of approximately 4 times versus 30 times, respectively. hMREs,

however, are able to keep this effect even in the absence of magnetic stimulation and, as it will be discussed165

in following sections, they are able to perform functional deformation modes. When actuating on virgin

samples with external magnetic fields below 200 mT, hysteresis loops do not display any remarkable MR

effect, even for the largest volume ratio of magnetic particles of 0.3. Fig. 4 clarifies the results from the

loops in Fig. 3.a, by showing an initial range where the maximum shear stress does not depend on the mag-

netic field. From 500 mT on, however, the specimens reach larger maximum shear stresses (i.e., for 500170

mT and 1000 mT fields). Such a threshold was not encountered when using soft-magnetic particles, i.e., the

MR effect was noticeable for the smallest fields too, see Fig. 3.b. On the contrary, pre-magnetised hMRE

samples display a different behaviour. In the absence of magnetic actuation, they reach larger stresses than

virgin samples, and for fields below 200 mT, MR effect is also noticeable, see Fig. 4. As a final general

remark, the more magnetic fillers added to the matrix, the stronger the magneto-mechanical effects are.175

8



Figure 3. Comparison of the mechanical response of MREs under shear deformation with (a) hard-magnetic particles and (b) soft-
magnetic particles (adapted from [49]). The experimental results from constant oscillatory shear tests are depicted for magnetic
particles’ volume fractions of φ = {0.1, 0.2, 0.3} and magnetic fields ofB = {0, 200, 500, 1000} mT. To account for the magnetic
remanence, hard-magnetic MREs are tested twice: virgin samples and magnetised samples after a permanent magnetisation at
1000 mT (continuous and dashed line, respectively). Scatter areas are plotted around the mean curves computed from the three data
sets obtained for the same testing conditions.
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Figure 4. Effects of the permanent magnetisation of hMREs on the maximum shear stress of the hysteresis loops from the constant
oscillatory shear experiments. (a) Curves for tests with magnetic particles’ volume fractions of 0.1, 0.2 and 0.3 are plotted against
the magnetic field intensity. Two curves for each volume fraction stand for the behaviour of virgin samples (continuous line) and
pre-magnetised samples (abbreviated as mag.) after experiencing pre-magnetisation at 1000 mT (dashed line). (b-c) Magneto-
rheological shear stress ratio, defined as the quotient between the maximum stress under magnetic actuation and the stress in the
absence of external magnetic actuation, for (b) a virgin sample and for (c) a pre-magnetised sample.

3.2. Dynamic mechanical analysis (DMA) under shear deformation

To explore the relation between the viscoelastic response of hMREs and the mechanical excitation fre-

quency, a second set of experiments was performed as frequency sweeps from 0.01 Hz to 10 Hz. Here,

measures of the macrostructural stiffness were provided by means of the shear storage modulus (G′), shear180

loss modulus (G′′) and loss factor tan δ = G′′

G′ , see Fig. 5.a, and Figs. A.1.a and A.2.a from the Appendix, for

magnetic particles’ volume fractions of 0.3, 0.1 and 0.2, respectively. Note that these moduli are determined

by the linearisation of the material stiffness at small strain and within the linear viscoelastic region, i.e.,

tangent modulus. Moreover, magnetic fields of B = {0, 200, 500, 1000} mT were applied on both virgin

and pre-magnetised hMREs specimens. The effect of the non-zero magnetic coercivity of the hard-magnetic185

particles on the structural response of hMREs is shown by means of the curves for pre-magnetised samples

(i.e., after previously magnetised at 1000 mT). The main findings are the following ones. First, the MR

effect is stronger for increasing amounts of hard-magnetic particles. The MR effect for a magnetic actuation

of 1000 mT, mechanical oscillation at 0.1 Hz, hMRE virgin samples, and particles contents of 10 vol.%,

20 vol.% and 30 vol.%, is 1.5, 2.1 and 3.0, respectively. For the pre-magnetised samples and for the differ-190

ent particles content, the MR effect is 1.5, 1.9 and 2.2, respectively. For a faster deformation, i.e., 10 Hz, the

MR effect for the virgin samples is 1.5, 2.0 and 2.8, and for the pre-magnetised ones it is 1.4, 1.6 and 1.9,

respectively for the particle contents considered. Second, for the intermediate fields of 200 mT and 500 mT,

the MR effect for pre-magnetised samples significantly increases with respect to the MR effect of virgin

samples. For 200 mT and quasi-static mechanical deformation, the MR effect of the virgin hMRE sample195

with 30 vol.% particles is 1.0, and 1.4 for the pre-magnetised sample. For 500 mT, the MR effect of the
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virgin hMRE sample is 1.3, and 1.8 for the pre-magnetised sample. This tendency can be better visualised

in Fig. 6, in which the shear storage modulus is plotted against magnetic field for a quasi-static (0.01 Hz)

and a fast angular velocity (10 Hz). In this regard, the moduli of both virgin and pre-magnetised specimens

merge to the same value when the field approaches 1000 mT.200

When comparing the response of the hMREs with that of the sMREs, the MR effect is higher for the second

ones. Overall, hMREs present a maximum MR effect of 3, whereas sMREs present a maximum of 12.

Furthermore, for all the manufacturing and testing conditions of the hMRE, the loss factor monotonously

increases with frequency, whereas for sMREs it is less dependent on the frequency. The response of hMRE

is quite expectable, i.e., activation of viscoelastic mechanisms of the matrix at increasing deformation rates.205

For sMREs, however, the interactions between particles are much stronger (i.e., dipole-to-dipole interplays)

due to their higher magnetisation and magnetic permeability. Such interactions lead to significant rearrange-

ments in the particles’ distribution and the generation of strong links between them, which eventually affect

the viscoelastic response.

210
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Figure 5. Dependence of the mechanical responses of MREs with the harmonic shear mechanical deformation for magnetic fields
of B = {0, 200, 500, 1000} mT and magnetic particles’ volume fraction φ = 0.3. Shear storage moduli (G′), loss moduli (G′′),
and loss factors (tan δ) obtained from frequency sweeps from 0.01 Hz to 10 Hz are compared for (a) hard-magnetic MREs and (b)
soft-magnetic MREs (adapted from [49]). To account for the magnetic remanence, hard-magnetic MREs are tested twice: virgin
samples and pre-magnetised samples after permanent magnetisation at 1000 mT (continuous and dashed lines, respectively). Scatter
areas representing the variability of the experimental data sets are depicted around each mean curve.12



Figure 6. Effects of the permanent magnetisation of hMREs on the shear storage modulus for two extreme harmonic deformation
velocities of (a) 0.01 Hz (quasi-static case) and (b) 10 Hz. Curves for tests with magnetic particles’ volume fractions of 0.1, 0.2 and
0.3 are plotted against the magnetic field intensity. Two curves for each volume fraction stand for the behaviour of virgin samples
(continuous line) and pre-magnetised samples (abbreviated as mag.) after experiencing re-magnetisation at 1000 mT (dashed line).

4. Magnetostriction dynamics of hMREs depending on residual magnetisation and geometrical ef-

fects

Even though the magnetorheological characterisation is vital to obtain valuable information about the modu-

lation of the mechanical properties of MREs, the interest in extremely soft hMREs goes beyond the actuation

on their mechanical properties [61]. The geometrical effects of these structures and their remarkable mi-215

cromechanics (i.e., interplays between the magnetic particles and the matrix) enable them to perform com-

plex deformations via magnetic actuation. To provide novel insights into the magnetostrictive behaviour

of hMREs, this section presents: i) quantitative experiments measuring the magneto-mechanical response

of hMREs subjected to fixed axial mechanical conditions and different external magnetic fields and ii) free

deformation tests on samples with different geometries unveiling qualitative structural responses.220

In what concerns the confined expansion experiments, magnetic field ramps were performed on virgin hMRE

samples at the rate of 20 mT/s up to 1000 mT (direct magnetic actuation). Then, the field was kept con-

stant for 75 s. Finally, the field was turned off for 50 s. In the meanwhile, the evolution of the axial force

exerted on the upper plate of the rheometer was monitored. These experiments were done following the

methodology reported in [49]. The pre-magnetised samples were tested following the same procedure but225

limiting the maximum magnetic field to 500 mT. The residual of the macroscopic samples after applying an

external magnetic field of 1000 mT is 3 mT. Recalling the extremely soft nature of the matrix (∼ 1 kPa),
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a consequence is that such small magnetisation is enough to drive significant mechanical changes in the

hMRE under external magnetic actuation. The use of the 500 mT is justified as it is sufficiently large to

induce significant mechanical actuation, but small enough to not alter the residual magnetisation. Moreover,230

the magnetic actuation was performed in a reversed manner up to -500 mT (reverse magnetic actuation). To

keep positive the axial force and prevent stretching the sample, an initial pre-compression of 0.5 N was im-

posed on all the tests. The results are grouped according to the magnetic profile applied and magnetisation

state of the hMRE samples: magnetic field ramp up to 1000 mT on virgin specimens in Fig. 7.a and ramps

up to +/-500 mT (direct and reverse fields) on pre-magnetised specimens in Fig. 7.b. Differences of the axial235

stress during the loading ramp can be found when comparing both the virgin and pre-magnetised samples.

While for the virgin sample the curve is parabolic, for the magnetised specimen the load section is more

linear. Another remark, when the magnetic actuation stops, is that the axial force decreases and becomes

even smaller than the pre-compression at the beginning of the experiment. Then, it slightly increases. This is

observed for the cases where the field is applied along the same direction as the magnetisation (i.e., “direct”240

fields). For the case of reverse magnetic actuation, almost no jump in the axial force occurs.

Figure 7. Time evolution of the axial stress of mechanically confined hMREs during magnetic ramps. In a), the magnetic actuation
event of virgin specimens, which undergo a magnetic field ramp at a rate of 20 mT/s up to 1000 mT, that is then held until
stabilisation and, finally, the magnetic actuation is turned off. In b), pre-magnetised samples were tested under the same procedure,
but limiting the maximum magnetic field to 500 mT for both direct and reverse fields. Note that the same initial pre-compression
of 0.5 N is applied for all the experiments to prevent that the axial force becomes negative, i.e., contraction of the sample.

Free deformation experiments were performed to analyse local-to-structural effects (i.e., geometrical ef-

fects) and the influence of rate dependences on them, see Fig. 8. Special attention has been paid along
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the deformation processes to identify such local and structural mechanisms and to establish potential links245

with microstructural deformations (this will be further discussed in the following section). The tests were

performed on different samples with bottom-up magnetisation (see the magnetisation procedure in Fig. 1).

Fig. 8 presents the results according to the morphology of the hMRE specimens and the magnetic actuation

conditions. These are shown as a collection of frames taken from the recorded videos. The time event was

recorded using a CCD camera (Alvium, Allied Vision Technologies GmbH, Germany) with 25 mm focal250

length lens (Edmund Optics, Germany). Furthermore, to shed light on the shape-morphing capability of

hMREs, the findings are additionally classified into microstructural and macrostructural-based mechanisms.

First, small cylindrical samples of 4 mm diameter were prepared and tested under alternating magnetic fields

(oscillatory fields with amplitude of 300 mT and null bias) at frequencies of 1 Hz and 10 Hz, see Fig. 8.a.

The small dimension of the sample allowed the magnetic field to be homogeneous through all the specimen255

(the homogeneity of the field was checked by making use of a teslameter in vacuum conditions; thus, small

heterogeneities are expected at the sample edges). When actuating on the hMRE specimens at 1 Hz, two

effects are observed. On the one hand, when the field starts increasing in the reverse manner, the upper

and lower edges of the specimen start twisting towards the middle plane of the sample. On the other hand,

when the field becomes large enough, macrostructural effects become sufficiently strong to make the sam-260

ple turn and align with the magnetic field. The process starts again as the field goes in the other direction.

When increasing the oscillation frequency of the field to 10 Hz, however, weaker local deformations were

observed. Afterwards, two larger structures were tested to study geometrical effects, i.e., a bending disk

with 20 mm diameter and a rectangular cantilever-shaped torsion beam (20 mm length and 5 mm width),

see Fig. 8.b. For the bending disk, the heterogeneous magnetic field reaches maximum values in the centre265

of the specimen and a macrostructural response governs the deformation of its peripheral regions, i.e., these

outer domains tend to macroscopically align with the central axial magnetic lines. Note that we refer as

heterogeneous fields to those generated by the coil system when its upper yoke is not used. On the contrary,

homogeneous magnetic fields are those achieved with the use of the upper yoke, as done in the previous

sections for the rheological characterisation. In what respect to the cantilever beam, it performs a structural270

rotation via torsion along its longitudinal axis and following the external field.

15



Figure 8. Tuning of the shape-changing behaviour of hMRE specimens by means of oscillatory magnetic stimulation and different
initial geometries. The deformation modes that pre-magnetised hMRE samples undergo have been controlled by the application of
harmonically-alternating magnetic fields. Low-diameter samples (i.e., 4 mm) were tested under field stimulation at (a.1) 1 Hz and
(a.2) 10 Hz. Nine frames from recorded videos are shown for each case. In (b.1), the deformation scene of a larger (i.e., diameter
of 20 mm) unveils macrostructural deformation modes. Finally, in (b.2), an alternative beam-shaped specimen undergoes torsion
deformation.

The macrostructural response of hMREs is determined by the nature of the mechanisms that develop at

the microscale, namely the magnetic interactions between the magnetic particles and the mechanical in-

teractions between these and the carrier matrix. In this regard, Fig. 9 illustrates the connection between275

the macrostructural functional deformation mode and the underlying microstructural mechanisms for a pre-

magnetised hMRE. Three cases are described. First, when the structure is magnetically actuated in the same

direction that it is pre-magnetised, the particles tend to align forming chain-like structures. This mechanism

produces the macrostructural expansion of the hMRE, and it relates to the results in Fig. 7 for the confined

expansion experiments under direct magnetic actuation. Second, a perpendicular magnetic actuation with280

respect to the pre-magnetisation leads to macrostructural bending. At the microscale, the particles try to
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rotate and align its magnetisation with the external field. The results for the bending disk and torsion beam

under free deformation in Fig. 8.b relate to this mechanism. Finally, co-linear but reverse magnetic actuation

produces symmetric twisting of the structure. Due to the extremely soft nature of the matrix, the particles

tend to rotate and align with the external field, introducing microstructural torques in the hMRE. Such a285

mechanism is observed on the multifunctional structure in Fig. 8.a.

Figure 9. Schematic representation of the microscopic and macroscopic magneto-mechanical deformation mechanisms in hMREs
under different magnetic actuation scenarios. (Left) Structural response under magnetic actuation parallel to the remanent mag-
netisation and with the same orientation (direct actuation). Under this condition, the particles tend to align forming chain-like
structures, leading to an overall expansion. (Centre) Structural response under magnetic actuation perpendicular to the remanent
magnetisation. Under this condition the particles try to rotate and align its magnetisation with the external field. This leads to over-
all bending. (Right) Structural response under magnetic actuation parallel to the remanent magnetisation and opposite orientation.
Under this condition, and due to the extremely soft nature of the matrix, the particles try to rotate and align with the external field
introducing microstructural torque in the hMRE.
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5. Discussion

The experimental campaign presented in this work promotes a comprehensive discussion based on three

major pillars: the magneto-mechanical rheological characterisation of extremely soft hMREs at different

magnetisation conditions, the actuation to perform complex (local and structural) deformation modes and290

the comparison with their soft-magnetics counterparts. Special attention has been put on the study of the

effects of residual magnetisation below saturation of such structures, i.e., not reaching full saturation mag-

netisation. To this end, the mechanical response of the samples under shear loading is discussed from the

results in Sections 3.1 and 3.2. Afterwards, the behaviour of internal magneto-mechanical couplings of hM-

REs is understood from the evolution of the axial force from confined deformation tests in Sec. 4. Finally,295

free deformation experiments are taken to provide a better understanding on how the magnetic inclusions

transmit magnetic torques to the elastomeric matrix, together with chain formation mechanisms, leading to

macrostructural shape changes of the hMRE.

Regarding the rheological behaviour of extremely soft hMREs, permanent magnetisation leads to increased

stiffness in the absence of external magnetic stimulation. To clearly understand the effects of the permanent300

magnetisation, Figs. 4 and 6 show, respectively, curves with the evolution of the maximum shear stresses of

the hysteresis loops and the quasi-static storage modulus for different magnetic particles’ volume fractions

and magnetic fields, for both virgin and pre-magnetised hMRE samples. When the external magnetic field

is turned off, internal magnetic interactions between the magnetic particles and the elastomeric matrix still

remain. Also, the more magnetic particles, the larger the apparent (homogenised) permanent magnetisation.305

This fact explains the relative stiffness increase between virgin and pre-magnetised samples with increasing

particles volume fraction, both under the action of external magnetic fields or in the absence of them. In

addition, the relative stiffness increase reduces to zero at 1000 mT, expectable as the MRE got magnetised

at 1000 mT. When comparing the results between hMREs and sMREs, see Fig. 3, it is clear that the MR

effect is larger for the soft-magnetic version (around 7 times larger). This is so because the saturation mag-310

netisation and magnetic susceptibility of hard-magnetic MQP-S-11-9-grade powder are smaller than those

of CIPs, see magnetisation curves in the Appendix, Fig. A.3, adapted from [11]. Overall, hMREs lose the

intense MR stiffening of sMREs but gain the capability to achieve it in the absence of magnetic fields.

Non-symmetric macrostructural responses are observed for direct (along magnetisation direction) and re-

verse (contrary to magnetisation direction) magnetic fields on pre-magnetised hMRE samples tested in con-315

fined deformation experiments. Following the evolution of the axial force exerted by the sample on the fixed
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plates, see Fig. 7, valuable information about the magnetisation process is harvested. The initial magnetic

actuation up to 1000 mT yields an initial parabolic increase in the stress. This can be explained by the

quadratic dependence of internal magnetic stress on the externally applied magnetic field [14, 25, 49]. The

abrupt decrease in the stress when stopping the magnetic actuation and the subsequent relaxation unveils320

internal viscous mechanisms. As these stresses go below the initial axial force, we believe that the specimen

internal deformation mechanisms are not reversible. In other words, the microscopic configuration of virgin

and pre-magnetised hMREs would be different. When observing the results for the second stimulation step

(i.e., direct and reverse fields up to 500 mT) the same finding can be reported. Hence, this behaviour is

not due to the permanent magnetisation of the magnetic powder but due to varying microstructural arrange-325

ments also under weaker magnetic actuation. Finally, regarding the effect of the magnetisation direction, the

non-symmetrical curves for the direct and reverse fields suggest that reversing the magnetic field produces a

decrease of the axial force (i.e., confined compression) rather than an increase. In addition, such a decrease

is smaller in magnitude than the increase for the direct field. A further finding related to such a reverse

stimulation is that the evolution of the axial force during the application of the magnetic field ramp is not330

monotonous. Such findings under reverse magnetic actuation can be understood as the result of local rear-

rangements of the particles that were aligned with the magnetisation field (direct magnetic actuation). When

the sense of the field changes, we believe that local rearrangements of the particles occur until they align

with the new field. This transient mechanism would end in a microstructural stabilization where interactions

between different domains of the hMRE structure govern the structural response.335

Related to the latter discussion, another important observation from Fig. 7 relates to the transient stress evo-

lution that occurs once the maximum magnetic field is reached. On virgin samples, the steady state is quickly

reached, suggesting negligible relaxation effects. However, the tests conducted on pre-magnetised samples

present a transient stress response indicating significant relaxation within the MRE. To explain these results,

we suggest the existence of two main microstructural deformation mechanisms. First, the application of an340

external magnetic field on virgin samples results in dipole-to-dipole interactions leading to the formation

of chain-like microstructures and the subsequent expansion of the MRE (i.e., increase in confined stress).

Fig. 9 illustrates the expansion deformation mode. Then, when switching off the external magnetic field,

the dipole-to-dipole interactions are relaxed leading to a re-accommodation of the particles within the MRE,

which present a given residual magnetisation. Second, when applying a magnetic field on pre-magnetised345

samples, the previously mentioned dipole-to-dipole interactions are combined with micro-torques due to
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Zeeman effect [25]. These torques induce high local deformations around the particles resulting in a stronger

relaxation response. In addition, the orientation of the particles’ residual magnetisation follows the rotation

of the particles during such micro-relaxations, introducing time-varying microstructural equilibrium states.

To elaborate on this behaviour, deformation tests under free boundary conditions are discussed hereafter.350

Free deformations of hMRE specimens unveil the underlying mechanisms that govern the interaction be-

tween the elastomeric and magnetic particles phases. In Fig. 8.a, it can be seen that, when the reverse

magnetic field is applied, the upper edges get twisted in a symmetric fashion. This suggests that the struc-

tural response is initiated at the microstructural level by translating microscopic deformation mechanisms

into synergistic effect at the macroscale. We believe that such a complex morphological change unveils mi-355

croscale transmission mechanisms of the magnetic torques on the particles to the matrix (this latter balances

such mechanical actions). From a microstructural point of view, the magnetic particles are embedded in

the carrier matrix. Under the application of a magnetic field, they can respond alternatively by: i) rotating

and orientating along the direction of the field or ii) re-magnetising by reversion of the orientation of the

magnetisation. Which phenomenon occurs is determined by the stiffness of the matrix. For soft matrices360

and small magnetic fields, the particles turn after the field, and for larger fields and stiffer matrices, they get

re-magnetised [62, 66]. Fig. 9 provides an illustration of the twisting deformation mechanism governed by

the transmission of torques form the particles to the matrix. Moreover, the deformation rate determines the

response of the specimen. When the oscillation of the magnetic field is increased, local deformation of the

sample (i.e., twist of the edges) plays a minor role. This is so because the faster the actuation, the stiffer the365

sample becomes and, therefore, the more difficult for the particles to turn and orient. Such an effect could

lead to an eventual microstructural collapse, as reported in [49].

When the geometry of the specimens is larger, see the bending disk and torsion beam in Fig. 8.b, instead

being local deformation the governing mechanisms, macrostructural changes in the shape appear as major

effect on the material. Depending on the geometry of the specimen, the interaction between local domains370

of the hMRE can be tuned to achieve different complex deformation modes. Note that this type of deforma-

tion for homogeneously pre-magnetised specimens is only achievable by means of heterogeneous magnetic

fields. For the case of the disk, bending of the outer regions occurs, and for the case of the torsion beam, the

entire structure tends to turn 180 degrees to align with the imposed external field. Fig. 9 provides an illus-

tration of the bending deformation mode. These non-trivial deformation modes can relate to classifications375

reported in the literature, according to the movements, as deflections, elongations, contractions, coiling,
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crawling and jumping [7]. As a general concern, note that full saturation magnetisation of the hMRE in-

stead of partial magnetisation (i.e., according to the manufacturer, fully magnetisation is reached for a field

of intensity 1600 kA/m) would yield permanent deformations larger than the ones obtained in Fig. 8. For

such a soft matrix, this would hinder the control and functional response of such hMREs. Therefore, we ac-380

cept the maximum field of 1000 mT to be large enough for the activation of magneto-mechanical couplings

and the functional application of the hMRE.

In addition to the previous considerations, some additional points should be taken into account to close the

entire image provided in this work. First, particle size is a major factor determining the magneto-mechanical

response of hMREs. Some authors reported that larger magnetic particles have a greater capability to over-385

come the elastic forces of the matrix when trying to align with the external magnetic field [63]. Therefore,

the smaller the hard-magnetic particles, the closer to soft MREs behaviour; and the bigger the particles, the

larger the tendency to rotate. When the matrix is soft enough, the micro-rotations of the particles are stronger

than their transmission to the entire structure. For this reason, using smaller particles in extremely soft ma-

trices could increase the effectiveness of torque transmission. In our work, the hard-magnetic particles used390

are one order magnitude bigger than the soft ones. Stepanov et al. [66] reported that stiffer matrices have a

better capability to confine the fillers, i.e., prevent their turning; and softer matrices allow for the particles

to turn. In this last case, which is the one of our extremely soft hMREs, the hysteresis phenomenon on the

magnetisation loops with the imposed magnetic field has been reported to be less accused. As the particles

turn, no re-magnetisation is reached. Note that this was verified measuring the same residual magnetisation395

of the pre-magnetised samples before and after the experiments. Therefore, the larger the storage modulus

of the hMRE, the larger the coercive force. As future work, the results obtained herein could be contrasted

with stiffer hMREs (i.e., stiffer carrier matrices) and under magnetisation beyond 1000 mT until saturation.

Moreover, a further interesting point to explore would be the magnetisation of hMREs in a heterogeneous

manner. In this way, it would be possible to address shape changes with homogeneous external magnetic400

fields, as recently done for stiffer hMREs by Zhao and co-authors [88].

6. Conclusions

The extremely soft nature of the matrix of the soft hMREs conceptualised in this work and their capability

to acquire permanent magnetisation endow them with remarkable features. The magnetorheological charac-405
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terisation performed in this work allows the quantitative discussion and comparison with sMREs. It is found

that the MR effect is weaker in hMREs than in sMREs (approximately, 7 times smaller) but, instead, they

have the capability to retain the magnetorheological stiffening in the absence of an external magnetic stim-

ulation. Provided the extremely soft nature of these structures, a significant magneto-mechanical coupling

occurs at low external magnetic fields (below 1000 mT). Furthermore, soft hMREs have been shown to be410

suitable for tuning complex morphological changes by two ways: acting on local deformation mechanisms

(i.e., microscale interplays between the matrix and magnetic particles) and tuning macroscopic geometrical

interplays. The former concerns the transmission of torques from the particles to the matrix, as they tend

to align with the external magnetic field. The latter, however, is based on the interaction between different

domains of the hMRE structure and is actuated via heterogeneous external magnetic fields.415

Overall, we facilitate links between the microstructure and the macrostructure through specific experiments

that are reported herein for the first time on hMREs. We highlight the “confined tests” presented in Fig.

7, where the samples are mechanically constrained at the macroscale. The quasi-incompressible nature

of the material and the axisymmetric conditions during the tests imply that the material does not deform

macroscopically. However, our experimental system provides a macroscopic measurement by means of ax-420

ial stress when we applied an external magnetic field. This is a clear demonstration of how microstructural

mechanisms lead to a macroscopic response. Then, the experiments under free mechanical boundary con-

ditions and the application of external magnetic fields present a macrostructural deformation as a result of

the microstructural mechanisms (particle interactions due to dipole-to-dipole interactions, Zeeman effect,

re-arrangement of particle distribution, etc.).425

The insights presented in this work are of high interest for understanding the role of magneto-mechanical

coupling in hMREs and motivate future computational approaches. In addition, the better comprehension

of the hMRE characteristics opens new potential applications. In the bioengineering field, a recent paper

by Moreno-Mateos et al. [50] shows the potential of sMREs as biological substrates to influence cellular

processes. The incorporation of hard-magnetic particles to these substrates would enable transitions in their430

mechanical performance that can be kept without the need of sustaining external magnetic fields. Another

interesting application would consist in mixing hard- and soft-magnetic particles within the same MRE to

provide smart structures whose magneto-mechanical coupling can exhibit the benefits of each particle type

and even potential synergistic effects.
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Appendix A. Supplemental Results

Figure A.1. Dependence of the mechanical response of MREs with the harmonic shear mechanical deformation for magnetic
fields of B = {0, 200, 500, 1000} mT and magnetic particles’ volume fraction φ = 0.1. Shear storage moduli (G′), loss moduli
(G′′), and loss factors (tan δ) obtained from frequency sweeps from 0.01 Hz to 10 Hz are compared for (a) hard- and (b) soft-
magnetic MREs. To account for the magnetic remanence, hard-magnetic MREs are tested twice: virgin samples before permanent
magnetisation at 1000 mT and pre-magnetised samples after permanent magnetisation (continuous and dashed line, respectively).
Scatter areas representing the variability of the experimental data sets are depicted around each mean curve.
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Figure A.2. Dependence of the mechanical response of MREs with the harmonic shear mechanical deformation for magnetic
fields of B = {0, 200, 500, 1000} mT and magnetic particles’ volume fraction φ = 0.2. Shear storage moduli (G′), loss moduli
(G′′), and loss factors (tan δ) obtained from frequency sweeps from 0.01 Hz to 10 Hz are compared for (a) hard- and (b) soft-
magnetic MREs. To account for the magnetic remanence, hard-magnetic MREs are tested twice: virgin samples before permanent
magnetisation at 1000 mT and pre-magnetised samples after permanent magnetisation (continuous and dashed line, respectively).
Scatter areas representing the variability of the experimental data sets are depicted around each mean curve.
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Figure A.3. Magnetisation curves for BASF carbonyl iron powder (CIP) and Magnequench NdFeB MQP-S-11-9 (adapted from
[11]).
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