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Abstract 

With a specific stimulus, shape-memory materials can assume a temporary shape and 

subsequently recover their original shape, a functionality that renders them relevant for 

applications in fields such as biomedicine, aerospace and wearable electronics. Shape-

memory in polymers and composites is usually achieved by exploiting a thermal transition to 

program a temporary shape and subsequently recover the original shape. This may be 

problematic for heat sensitive environments, and when rapid and uniform heating is required. 

In this work, a soft magnetic shape-memory composite is produced by encasing liquid 

droplets of magneto-rheological fluid into a polydimethylsiloxane matrix. Under the influence 

of a magnetic field, this material undergoes an exceptional stiffening transition, with an 

almost 30-fold increase in shear modulus. Exploiting this transition, fast and fully reversible 

magnetic shape memory is demonstrated in three ways, by embossing, by simple shear and by 

unconstrained three-dimensional deformation. Using advanced synchrotron x-ray tomography 
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techniques, the internal structure of the material is revealed, which can be correlated with the 

composite stiffening and shape-memory mechanism. This material concept, based on a simple 

emulsion process, can be extended to different fluids and elastomers, and can be 

manufactured with a wide range of methods. 

 

Main Text 

Shape-memory materials can assume a temporary shape through a programming step 

and can then recover their original shape in response to a specific stimulus.[1] By encoding 

mechanical functionality in the material itself, rather than in the device, these materials allow 

for a reduction in the complexity of parts and an increase in energy efficiency.[2] Compared to 

other classes of shape-memory materials, shape-memory polymers and composites are 

lightweight, inexpensive, can be made into parts using a variety of manufacturing 

technologies, and can have a broad range of properties.[3] Thanks to these characteristics, they 

find applications in a variety of engineering areas including aerospace,[4] wearable 

electronics[5] and biomedicine.[6] The design of shape-memory polymers is usually based on 

the combination of two distinct phases, a stable phase and a programmable phase. The 

programmable phase can undergo a reversible stiffening transition triggered by an external 

stimulus, while the stable phase remains unaffected. If the programmable phase is stiffer than 

the stable phase, the material can hold a temporary shape, while the inverse transition leads to 

the recovery of the original shape.[7] Typically, the change in stiffness of the programmable 

phase is achieved through a thermally induced phase transition.[8] Heating of the material, 

however, can be non-uniform and slow, since polymers are relatively good heat 

insulators.[9,10] Additionally, the use of thermal stimuli greatly limits applications in heat 

sensitive environments such as the human body, as heat can harm living tissues.[11,12] 

Therefore, when considering biomedical applications, careful tuning of the shape recovery 

temperature is required for safe employment of these materials since triggering temperatures 
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above body temperature can cause cell damage while, for activation temperatures below body 

temperature, the effect may be triggered prematurely.[13] 

Here, we present an athermal, magnetically addressable shape-memory polymer 

composite, produced by dispersing droplets of a commercial magneto-rheological fluid in a 

cross-linked polydimethylsiloxane (PDMS) matrix, shown schematically in Figure 1a. 

Magneto-rheological fluids are able to undergo a substantial change at the millisecond time 

scale when subjected to a magnetic field, with mechanical properties such as viscosity, shear 

modulus and yield stress increasing by up to six orders of magnitude.[14,15] By encasing the 

magneto-rheological fluid in an elastomeric matrix, we are able to manufacture a soft elastic 

composite with exceptional magneto-mechanical properties. The composite can undergo 

substantial stiffening when subjected to a magnetic field, with an exceptional increase in 

storage modulus of approximatively thirty times at a field of 600 mT (see Figure 1b and 2e). 

In addition, the composite displays magnetically addressable shape-memory, where the 

polydimethylsiloxane matrix acts as the stable phase and the magnetic fluid as the 

programmable phase. An applied deformation can be programmed in the composite through 

the application of a magnetic field. The composite relaxes back to its original form in less 

than one second when the magnetic field is released, as shown in Figure 1c and in the Movie 

S1 available in the Supporting Information. The combination of various types of liquid 

inclusions with soft elastomeric matrices has been recently proposed as an effective way to 

create soft materials with novel functionalities, such as high electrical conductivity and 

temperature dependent color.[16–19] We have extended this approach to our material, using 

instead a magneto-rheological fluid. This has a number of advantages compared to previously 

reported composites in which the magnetic particles are directly dispersed in the polymer 

matrix.[20,21] Due to the larger mobility of the particles when suspended in a liquid solvent, the 

alignment of particles that causes the mechanical property change is more effective, resulting 

in a larger stiffening effect. At the same time, the degradation of mechanical properties often 
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observed with soft composites with incorporated hard particles, such as embrittlement and 

reduced durability, is avoided thanks to the liquid nature of the magnetic component.[22]  

We dispersed magneto-rheological fluid droplets in PDMS prior to cross-linking at 

volume fractions, , ranging from 0% to 40%, as described in the Experimental Methods. In 

order to understand the effect of the magnetic field on the microstructure of the material, we 

used x-ray tomographic imaging to assess the internal structure of the composite at length 

scales from  ̴ 3 μm up to 1 mm. In this range, we can resolve the shape and internal structure 

of the droplets as well as their arrangement in the elastic matrix (full tomographic 

reconstructions of the composite structure, with and without the applied field, are available as 

Movie S2 and S3 in the Supporting Information). A 3D rendering of the tomographic 

reconstruction for a composite with  = 40% at B = 0 mT is shown in Figure 1a, with a single 

2D slice shown in Figure 2a. The highly x-ray absorbing iron particles inside the fluid are 

visible (grey), while the x-ray transparent silicone and solvent, consisting of a water and 

glycerol mixture, are essentially indistinguishable from each other. The single iron particles in 

the magnetic fluid have sizes in the range of 1 to 6 μm (see Supporting Information, Figure S1 

and S2), which is at the spatial resolution limit of the tomographic imaging tool. Although the 

single particles are not resolvable, the general microparticle distribution can be assessed and, 

when the sample is not subjected to a magnetic field, both the droplet shape and internal 

particle arrangement show no preferential orientation (Figure 2b). On application of a 

magnetic field, the microstructure changes, with both the droplet elongating and the particles 

inside the droplets aligning in the direction of the field (Figure 2c). To verify the observed 

alignment, we performed Fourier analysis of the three-dimensional structure, and analyzed the 

angular dependence of the Fourier Transform intensity (for details of the analysis see 

Supporting Information). The angle , shown in Figure 2c, indicates a specific orientation 

relative to the direction of the magnetic field. When the magnetic field is applied, we see an 
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enhancement of the Fourier transform intensity at an orientation parallel to the field, 

indicating that the magnetic particles inside the fluid droplets orient along the field direction 

(see Figure 2d for an azimuthal representation and Figure S5 for the Fourier transform 

spectra). This feature is prominent for several different wavelengths in the range 5-50 μm (see 

Figure S6), which are comparable to the size of the magnetic particles (~ 5 μm) and the 

magnetic fluid droplets (~ 20 to 100 μm). We further quantified the alignment by analyzing 

the angular dependency of the Fourier transform intensity in the region between  = 0 and  = 

/2 and calculating the orientation order parameter S, that describes the average orientation of 

the structure with respect to the magnetic field direction (for details on the calculation see 

Supporting Information). S can assume values between 0, meaning no preferential orientation, 

and 1, representing complete ordering. The value of S when no magnetic field is applied is 

small and negative, suggesting the structure has no preferential orientation. After the 

application of the magnetic field S is equal to 0.54, which implies a partial orientation of the 

structure along the field direction.  

The alignment of the microstructure in the magnetic field direction observed with the 

tomographic analysis has a dramatic impact on the composite rheology. In order to determine 

the extent of this modification to the rheological properties, we measured the magneto-

rheological response of the material in shear using a parallel plate rheometer equipped with a 

magnetic field generator, with the field-direction perpendicular to the plate surface. Frequency 

sweep data for the base components and for two composites with volume fractions,  = 10% 

and 40%, are available in the Supporting Information (Figure S8 and Figure S9). The 

magnetic field dependence of the storage modulus for these two different values of  is shown 

in Figure 2e. At a relatively low volume fraction,  = 10%, the storage modulus of the 

composite increases almost two-fold with application of a 1000 mT field. At  = 40%, the 

same magnetic field results in an almost 30-fold increase in the storage modulus. These values 
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are remarkably high compared to previous results obtained for composites with magnetic 

particles dispersed directly in PDMS matrices where storage moduli increases of only 1.3-1.8 

fold were reported at significantly higher iron contents.[23] The dissipative behavior of the 

material is also affected by the magnetic field (Figure 2f and Figure S9b), with the highest 

change in loss factor with field observed in a composite with  = 40% (Figure 2f). Indeed, the 

loss factor displays a total decrease of 50% on application of a magnetic field of 1000 mT for 

high frequencies (100 rad/s), and a two-fold increase at the same field for low frequencies (1 

rad/s). This change in the loss factor with magnetic field is much more significant than that 

previously reported for composites with magnetic particles dispersed in polymer matrices,[24] 

and is relevant for applications requiring adaptive vibration damping.[25] 

We have seen how the magnetic field has a significant effect on the mechanical 

properties of the material. We additionally determined how the volume fraction of the 

magneto-rheological fluid, , influences the spatial arrangement of the different phases in the 

composite and how this in turn affects the magneto-mechanical properties of the material. We 

therefore measured the mechanical properties of the composite for different, with the 

storage modulus G’ versus  shown in Figure 3a. It can be seen that, at a field of 1000 mT, 

the storage modulus increases with, with a steep increase above  = 20%. This suggests a 

corresponding change in the spatial arrangement of the magnetic fluid droplets with 

increasing, which we characterized with x-ray tomography (for details on the analysis see 

the Supporting Information). In particular, we quantified the connectivity of the magnetic 

fluid droplet network using an order parameter, P, which is a measure of the ratio of the 

volume of magnetorheological fluid in the largest droplet to the total volume of the 

magnetorheological fluid in the observed tomography region. As shown in Figure 3b and c, 

the connectivity increases sharply at  > 20% and, at this volume fraction, the droplets of 

magnetic fluid form a fully connected network above the percolation threshold.[26] This 
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confirms that the sharp change in mechanical properties is linked to the abrupt microstructural 

transformation.[27] 

We now demonstrate that the composite possesses a magnetically addressable shape-

memory. This effect was quantified via the application of the controlled shear stress and 

magnetic field protocol shown in Figure 4a, employing the same rheometer used for the 

mechanical characterization. This measurement is analogous to the actions performed on a 

strip of material, shown in Figure 4b and Movie S4 available in the Supporting Information. 

Initially, the composite is in its original stress-free state (Initial Stage 0). Upon application of 

external stress, the entire composite deforms into a temporary shape. Here, the elastomeric 

component of the composite develops a restoring stress, while the droplets in their liquid state 

remain stress-free (Stage 1). Upon application of a uniform magnetic field, the droplets 

solidify in a nearly stress-free state, while the continuous phase is unaffected (Stage 2). When 

the external stress is released, the restoring stress in the polymer network is counteracted by 

the stiffness of the droplet phase. If the yield stress of the droplet phase is much larger than 

the stresses in the polymer network, the polymer network achieves only a partial elastic 

recovery, in this case only 10%, and the material retains a profile close to its programmed 

shape (Stage 3). When the magnetic field is removed, the droplets fluidize, allowing the 

elastomer to return to its original remembered shape (Stage 4). After this last step, a new 

cycle can be repeated, as the shape memory is completely re-writable. 

In conclusion, we have presented a composite displaying unique magneto-mechanical 

properties, with an athermal, fast shape-memory and up to an almost 30-fold stiffening. Using 

advanced tomography methods, we determined the effect on these properties of the 

microstructural transformations induced by both the magnetic field and the volume fraction of 

magneto-rheological fluid. The fact that this shape-memory requires no heat, in conjunction 

with recent advances in magnetic control systems,[28] opens up new possibilities for 

applications such as biomedical and wearable devices, which are operated in heat sensitive 
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environments. Based on a straightforward emulsion process, this material composite can not 

only be extended to different classes of polymer matrices and active fluids, but can also be 

manufactured with a wide range of methods, including casting, injection molding and additive 

manufacturing.[29] 

  

 

Experimental Section 

Fabrication of the composite: A water based magneto-rheological fluid (formulated on 

request, Liquids Research Limited) with 80% weight fraction of carbonyl iron microparticles 

was modified to avoid solvent evaporation by adding glycerol, resulting in a final fluid 

containing 66% weight fraction iron microparticles, 17% weight fraction of glycerol, and 17% 

weight fraction of water and stabilizers. At a relative humidity of approximately 40%, drying 

was not observed over the course of one week, as expected from the equilibrium composition 

of the water-glycerol mixture.[30] Polydimethylsiloxane was obtained by mixing different 

ratios of vinyl terminated polydimethylsiloxane (DMS-V31, Gelest inc.) with (25-

35% methylhydrosiloxane)-dimethylsiloxane copolymer, trimethylsiloxane terminated (HMS-

301, Gelest Inc.), with the addition of platinum divinyl tetramethyldisiloxane catalyst 

(SIP6831.2, Gelest Inc.) according to the methodology found in Ref.[16] to obtain the desired 

elastic modulus. To form the liquid precursor emulsion for the final composite, appropriate 

ratios of fluid and PDMS were added together with the surfactant molecule PEG-dimethicone 

(ES5612, DOW Corning) and stirred manually for 5 minutes. This results in a water-in-oil 

emulsion driven by the de-mixing of the water-based magneto-rheological fluid and the 

silicone precursors. The emulsion is stabilized by the surfactant during polymerization. The 

mixture was de-gassed in a vacuum chamber for an additional 5 minutes and left to cross-link 

overnight at room temperature. 
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Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Magnetically-addressable stiffening and shape-memory in a polymer/magneto-

rheological fluid composite a) Three-dimensional reconstruction of the internal structure of 

the material obtained from tomography data, providing a 3D visualization of the two different 

phases in the composite (cube edge = 390 µm). The effect of the magnetic field on the internal 

structure of the magnetic phase in a droplet is schematically shown. With no magnetic field 

applied, the carbonyl iron microparticles are uniformly dispersed in the carrier solvent, 

consisting of water and glycerol, and the droplet is in a liquid state. After the application of a 

magnetic field, the particles rearrange to form elongated aggregates, resulting in a stiffness 

increase of several orders of magnitude in the magnetic fluid. b) Experimental demonstration 

of the influence of the magnetic field on the stiffness of the material. A disk of material is able 

to carry a weight of 250 g when subjected to a magnetic field from a permanent magnet (left), 

while it becomes soft and compliant under the same weight when the magnet is removed 

(right). c) Embossing a disk of material demonstrating magnetic shape-memory. The material 

can be programmed to retain a certain shape in a magnetic field, and returns to the original 

shape after removal of the field. A disk of material (initial Stage 0) is embossed using a stamp 

with a defined profile (Stage 1) and subsequently an out-of-plane magnetic field is applied 

with a permanent magnet (Stage 2). The material retains the programmed shape for several 

days (Stage 3) until the magnetic field is removed, after which it returns to the original shape 

in less than 1 second (Stage 4). Images are taken from Movie S1 available in the Supporting 

Information. 
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Figure 2: Effect of the magnetic field on the structure and properties of the composite 

elastomer. a) Two-dimensional slice of an x-ray absorption tomogram, obtained for a 

composite with  = 40% and with no magnetic field applied. The iron particles, in grey, can 

be distinguished from the rest of the components, in light blue. b) Close-up view of a single 

aggregate from the slice in panel a. c) The same aggregate in b) after the application of a 

magnetic field of 240 mT, demonstrating the re-arrangement of the iron particles with droplet 

elongation in the direction of the applied field. d) Azimuthal plot of the normalized, average 

Fast Fourier Transform intensity for complete tomographic stacks of the same sample taken at 

fields of B = 0 mT and B = 240 mT. The plot refers to data in a wavelength range,  = 7-

10 µm, corresponding to the length scale of the magnetic particles in the fluid. The emergence 

of a peak after the application of the magnetic field in the vicinity of  = 0 indicates that the 

magnetic particles inside the fluid droplets orient along the field direction. e) Magnetic field-

induced change in the storage modulus for  = 10% and  = 40%. Higher stiffening is 

observed for larger. f) Change in the loss factor at frequencies of f = 1 rad/s and f = 100 

rad/s with magnetic field for a composite with  = 40%. 
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Figure 3: Effect of the fluid volume fraction on the stiffness and structure of the 

material. a) Dependence of storage modulus on droplet volume fraction,. The blue (red) 

points are data for an applied magnetic field of 1000 mT (0 mT). A sharp increase in the 

storage modulus is observed at  > 20%, corresponding to a change in the  spatial 

arrangement of the phases. b) Increase of connectivity with, quantified by the order 

parameter, P. The sharp increase of the value of P at  > 20% indicates the onset of a fully 

connected magnetic fluid network, which in turn results in the sharp change in mechanical 

properties shown in panel a. c) Three-dimensional reconstruction of the internal structure of 

the material at  = 10% and 40% (cube edge = 390 μm). Highlighted in red is the biggest 

aggregate in the analyzed volume, which visually shows that the network of magnetic fluid is 

completely connected. 

 

Figure 4: Magnetic shape-memory. a) Stepwise stress experiment performed in the absence 

(blue curve) and the presence (red curve) of a magnetic field. In zero field, the material 

recovers its original state once the stress is removed (Stage 2 to Stage 3). When a magnetic 

field of 600 mT is applied, the material retains almost all of the deformation (Stage 3), and 

recovers the original shape once the field is removed (Stage 4). b) Experimental 

demonstration of magnetic shape-memory in an unconstrained strip deformed in three 

dimensions. A 4 cm-long strip can be deformed into an arbitrary shape, which is stabilized 

with a uniform magnetic field applied using an arrangement of permanent magnets (Stage 

2/3). This programmed shape is retained until the magnetic field is removed and the strip 

returns to its remembered shape in a few seconds (Stage 4).The images are taken from Movie 

S4 available in the Supporting Information. 
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