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A B S T R A C T   

Magnetorheological elastomers (MRE) can change their shape and properties when activated by an external 
magnetic field. The attractive tunable properties of this stimuli-responsive composite can be further amplified by 
utilizing the magneto-mechanical instability phenomenon, frequently leading to dramatic microstructure 
transformation. In this work, we investigate the buckling behavior of the composite system consisting of a 
magnetoactive layer embedded into an inactive elastomeric matrix. The composite is subjected to compressive 
strains in the presence of a high magnetic field. Our experimental results show that the critical buckling strain is 
highly tunable by the applied magnetic field. In particular, the composite buckles significantly earlier when the 
field is applied, leading to well-developed controllable wavy patterns in the post-buckling regime. To elucidate 
the mechanisms associated with the experimentally observed magneto-mechanical instability, we investigated 
the stability using numerical analysis. The developed computational model utilizes our new experimental data on 
the mechanical and magnetic properties of the composite (including magnetization and the magnetic suscepti-
bility of the MRE composite as a function of the volume fraction of magnetic particles). The numerical model is 
verified against the experimental results, showing its capability to predict the onset of the magneto-mechanical 
instability and the post-buckling behavior of the MRE. Collectively, the study demonstrates MRE instability 
tuning in a laminate form factor and outlines the strategy and benefits of harnessing two field physics for 
controlling bifurcations.   

1. Introduction 

Mechanical instabilities are pervasive in natural processes such as 
the closing of the Venus flytrap [1], the dispersal of plant or fungal 
spores [2], and the formation of fingerprints [3]. Understanding the 
dynamics of a system that undergoes mechanical instability, like buck-
ling, can serve to predict and prevent failure in structural materials. 
However, instead of working to prevent instability formation, bio-
mimicry of these natural systems seeks to develop functional materials 
that exploit mechanical instabilities for smart applications. For instance, 
thin conductive buckled beams are used for stretchable electronics [4], 

energy absorption [5], materials with multistable features are utilized 
for embedded logic [6–9], and 3D-printed bi-stable structures are 
manufactured for actuation [10]. A summary of recent trends and ad-
vancements in buckling-induced smart materials can be found in the 
review by Hu and Bugueno [11]. 

Instability tuning with combined loading from multiple physics 
presents a novel opportunity to navigate the bifurcation landscape in 
ways that are inaccessible with only mechanical loading. Rather than 
solely relying on the mechanical forcing of material to achieve a meta-
stable state, it can be advantageous to use an external stimulus to change 
the material properties to remotely trigger the instability. Adaptive 
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materials such as dielectric elastomers or magnetorheological elasto-
mers can harness electromechanical or magneto-mechanical coupling to 
regulate instability. For example, dielectric elastomers were included in 
a soft multilayered dielectric stack to determine how electrically- 
induced finite deformations affect their stability [12–14]. Magnetic 
field interactions with ordered arrays of ferrous cylinders have also been 
shown to induce buckling periodicities of higher order, which are 
inaccessible with only mechanical loads [15]. In another instance, a 
layer of magnetorheological elastomer was placed over a neat elastomer, 
and the effects of magnetic and mechanical forces on the buckling of the 
bilayer structure were measured [16]. This work strives to determine if 
buckling instability can be induced in a laminated magnetorheological 
elastomer via an applied magnetic field to provide a quick 
remotely-triggered geometric reconfiguration. 

Magnetorheological elastomers (MREs) are fabricated by cross-
linking micron-scale magnetic particles within an elastomeric matrix. 
The magnetic particles can be isotropically dispersed throughout the 
matrix, or a magnetic field can be applied to the sample (during poly-
merization) so that aligned columns of magnetic particles are formed. In 
either system, it has been consistently shown that the shear stiffness of 
an MRE increases fast and reversibly with an applied magnetic field, as 
reported in the double lap shear tests [17], magnetorheology [18], and 
dynamic mechanical analysis [19]. In addition, anisotropically loaded 
MREs show a stronger stiffening effect over isotropic MREs in the 
aligned direction [20]. In general, the storage and loss modulus of an 
MRE depend on the: (i) magnetic field-induced particle interactions (ii) 
the viscoelasticity of the matrix, and (iii) the adhesion of the particles to 
the matrix [21]. However, the experimental literature lacks a consensus 
on the effect of magnetic field on the MRE damping behavior as 
described by Li and Sun [22], with some articles claiming an increase, 
decrease, or unclear change in loss factor with an applied magnetic field. 
A recent comprehensive review of magneto-mechanical characterization 
of MREs by Bastola and Hossain [23] provides additional context on 
these challenges. 

The complexity of the MRE response to combined mechanical and 
magnetic fields is exacerbated in mechanical instability studies, where 
small changes in stiffness, geometric, and perturbation forces influence a 
critical buckling event. Coupled magneto-mechanical material modeling 
has provided a useful lens to interpret MRE behavior [24–36], with a 
particular focus on instability effects in the literature. In 1968, Moon 
and Pao pioneered a model to determine the critical buckling point of a 
magnetoelastic thin plate constrained in a transversely-applied mag-
netic field, and their results were compared to experiments [37]. Later, 
in 2008, Kankanala et al. developed a continuum mechanics formulation 
that described the instability formation of an MRE rectangular block 
subjected to plane-strain deformation and a transversely applied mag-
netic field [38]. Ottenio et al. derived the coupled linearized (or incre-
mental) equations superimposed on large deformations (building on the 
formulation by Dorfmann and Ogden [39]) to analyze the surface in-
stabilities in a magnetoactive half-space [40]. Danas et al. determined 
the effect of a magnetic field on a surface layer of MRE adhered to a soft 
elastomer layer, and validated their work with experimental studies [16, 
41,42]. Rudykh and Bertoldi analyzed the effect of anisotropic magnetic 
particle formation within MREs and derived the long-wave estimates for 
the magneto-mechanical instabilities in magnetorheological laminates 
[43,44]. Recently, Pathak et al. analytically predicted the existence of 
unusual microscopic modes in layered MREs under the action of a 
magnetic field [45]. These studies help build a foundation to understand 
magnetoelastic coupling in MRE materials; however, more experimental 
research is needed to identify magnetic tuning features for 
magneto-mechanical applications. 

MREs have found their way into diverse applications [46], such as 
vibration absorbers and isolators that harness the magnetically tunable 
storage and loss properties of the MRE [47,48], magnetoactive phononic 
materials with tunable bandgaps [49–53], or even in robotic devices 
that utilize global magneto-deformation of MRE samples for tactile 

feedback [54]. In this study, we investigate the capacity of a magnetic 
field to tune the wrinkling instability in the MRE stiff/soft composite 
laminate, with an eye toward how this can impact practical applications. 
First, the study experimentally characterizes the mechanical and mag-
netic properties of the fabricated MRE formulation. Next, we perform 
the experimental investigation of the buckling development in the MRE 
laminate under mechanical and magnetic loading sweeps. Further, a 
large deformation nonlinear magneto-mechanical computational model 
is implemented using the experimentally derived constitutive parame-
ters and magnetization profile. The study concludes with a tuning dia-
gram of how to exploit the levers of mechanical loading and magnetic 
field to control the wrinkling response of an MRE architecture, and how 
this translates into increased sensitivity and utility in practical 
applications. 

2. Experimental 

2.1. Processing and fabrication of MRE specimens 

To generate the neat soft elastomeric matrix, Sylgard 184 (Ellsworth 
Adhesives, Germantown, WI) base and catalyst were mixed rigorously 
with a handheld mixer for 5 min, followed by vacuum degassing for 1 h 
at room temperature. The base-to-catalyst ratio was varied from 10:1 to 
30:1 to tune the crosslink density and stiffness of the elastomer. The 
degassed mixture was poured into 3D printed molds (Flashforge Creator 
Pro, ABS filament) with dimensions of 20 mm × 7 mm × 7 mm and 
cured at 60 ◦C for 2 hours. 

To fabricate the magnetoelastomer composite, iron powder with a 3 
μm average diameter (US Research Nanomaterials Inc., Houston, TX, 
US) was mixed into the Sylgard 184 at volume fractions from 0 to 0.52. 
Iron particles were dispersed in the Sylgard 184 base prior to the addi-
tion of the catalyst. A planetary mixer (Thinky, ARE-310) rotating at 
1000 RPM for 2 min produced a homogeneous mixture without causing 
a significant rise in temperature (<5 ◦C), which may lead to premature 
curing. The mixture was placed under a vacuum for 1 hour to remove air 
pockets introduced by the mixing. The iron-loaded composite was 
molded by casting between two acrylic sheets (McMaster Carr, Aurora, 
OH) with acrylic spacers (Astra Products, Copiague, NY) ranging from 
0.2 to 0.5 mm thick cut by a CO2 laser (Full Spectrum Laser, 
PS48–150W). The layer was cured at 60 ◦C for 2 hours. After curing, the 
specimen was laser cut to rectangles of 28 × 7 mm2 using a 1064 nm 
laser cutter (Keyence, MD-X1520). 

The laminate specimen was formed by layering rectangles of neat 
elastomer (30:1 base-to-catalyst ratio, 20 mm × 7 mm) followed by 
magnetoelastomer (28 mm × 7 mm), and then another layer of neat 
elastomer (20 mm × 7 mm). A thin layer (<100 μm) of the pre- 
polymerized 30:1 Sylgard 184 was applied between the layers as a 
chemically compatible adhesive. The assembly was secured in a 3D 
printed mold during 2 h of curing at 60 ◦C, followed by 2 hours of curing 
at 100 ◦C. A representative laminate sample can be seen in Fig. 1C. 

2.2. Magnetic and mechanical characterization 

Magneto-Vibrometry Measurements: To determine the magnetic 
properties of the magnetoelastomer, cylindrical specimens (3 mm in 
diameter and height) at various iron loadings were cast into acrylic 
molds. The samples were placed in a vibratory sample magnetometer 
(Lakeshore, 735 VSM) coupled to the electromagnet (GMW, 3474-140). 
The electromagnet was used to magnetize the MRE specimens, while 
simultaneously being oscillated on a mechanical shaker, and the oscil-
lating magnetic flux from the magnetized MRE was detected by a set of 
pickup coils, allowing for the measurement of the magnetic moment and 
the saturation magnetization at various iron loading of the MRE. 

Mechanical Analysis under Quasi-static Loading. Young’s modulus of 
the specimen was estimated using a dynamic mechanical analyzer (TA 
Instruments, RSA3). Cylindrical specimens of the MRE were cast and 
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cured in PTFE molds of 6.35 mm in diameter and 6.35 mm in height. A 
15% compression strain was applied to the specimen at a rate of 0.02 
mm/s. Young’s moduli were extracted from the slope of the stress-strain 
curve from the loading cycle between 2 and 10% strain. 

2.3. MRE laminate test setup and image processing 

Fig. 1A shows the experimental setup that allows simultaneous axial 
compression and a transverse magnetic field to be applied to an MRE 
laminate. The electromagnet coils can generate a uniform 2T magnetic 
field in the volume occupied by the laminate MRE sample. A non- 
magnetic compression stage was 3D printed (Fig. 1B), allowing for a 
plunger (activated by a servo-motor) to compress the laminate archi-
tecture while under an applied magnetic field (see Fig. S1 in the sup-
plementary information (SI) for details). The laminate sample is 
constrained within the compression stage by an acrylic plate with sili-
cone oil applied between the sample and the acrylic plate to allow for a 
slip at the interface. The MRE laminate long axis is oriented along the 
vertical mechanical loading direction (z-axis), and the magnetic field is 
applied horizontally (y-axis) across the laminated layers. A representa-
tive image of the MRE laminate specimen, with dimensions annotated, is 
shown in Fig. 1C. All specimens had a nominal initial height (h0) of 20 
mm, a depth (d) of 7 mm, and a width (w) of 7 mm. The MRE layer 
consisted of an iron particle loading of φ = 0.29 and included 10 distinct 
MRE layer thicknesses, ranging from t = 250–618 μm. The MRE layer 
extends beyond the non-active layers (28 mm vs. 20 mm) to enable 
clamping1 by the compression stage, which reduces the twisting of the 
MRE layer under an applied magnetic field. The shared siloxane base 
chemistry between the neat and MRE-loaded layers resulted in a strong 
bonding. Attempts to pull the layers apart resulted in tearing in the soft/ 
neat layer only. No delamination was observed upon repeated loading 
and unloading of the sample (>10 cycles) in the compression jig. 

Compression and image capture with a digital camera (Nikon, D750) 
were synchronized with an Arduino UNO. Systematic compression of 50 
μm/step was applied to the specimen from the resting state. The camera 
was set at a safe distance from the electromagnet, and a 100 mm macro 
lens (Tokina, AT-X PRO Macro 100) in conjunction with a 2 ×

teleconverter (Nikon, TC-201) were used to capture digital images. The 
onset of wrinkling is difficult to visually detect in experimental systems. 
To mitigate inconsistency in visual detection, an image processing 
workflow was developed to improve and standardize the detection of 
wrinkling across specimens. Image captures of the MRE laminate under 
varying degrees of compression were collected (24.3 μm/pixel). 
Thresholding was applied to convert the colorized images into binary 
data tables, where positive pixels correspond to the MRE layer, and 
negative pixels correspond to the neat/soft matrix. The effective width 
of the MRE layer was determined by the number of columns exhibiting 
positive pixels. Registration marks embedded in the plungers were used 
to measure the height of the specimen under compression to determine 
the compressive strain. A critical buckling point (λc) was defined as the 
intersection between two linear fits of the data prior to buckling (low 
slope) and after buckling (rapid rise in width). A built-in fitting function 
(Piecewise PWL2) in OriginPro was used to process the data. Further 
details can be found in the Supplementary material (Fig. S2). 

3. Results and discussion 

3.1. Characterization of MRE magnetic and mechanical properties 

The MRE formulation and mixing protocol in this study was selected 
to produce an isotropic magneto-responsive material with a homoge-
neously dispersed mixture of spherical iron particles. The amount of iron 
particle loading controls the magnetization capacity of the MRE, as well 
as the overall stiffness, as the rigid fillers increase the mechanical 
properties of the MRE. To characterize this dependence, the magneti-
zation (M [A/m]), magnetic susceptibility (χ [− /− ]), and Young’s 
Modulus (E [MPa]) of the MRE composite were measured as a function 
of increasing iron volume fraction loadings (see Fig. 2). The volume 
fraction, φ, of the iron particles in the MRE is defined as, 

φ=
mFe/ρFe

mFe/ρFe + mPDMS/ρPDMS
(1)  

where mx and ρx correspond to the mass and density, respectively of the 
iron carbonyl particles (Fe) and the neat 10:1 base:catalyst Sylgard 184 
(PDMS). The densities for the iron carbonyl particles and the neat sili-
cone were taken as 7.87 g/cm3 and 1.05 g/cm3, respectively. 

Using magneto-vibrometry, the magnetization and susceptibility of 
the MRE composite were collected at various iron volume fractions and 

Fig. 1. Experimental setup of combined axial compression under transverse magnetic field. A) Image of MRE laminate buckling setup and the GWM 3474-140 
electromagnet coils with a custom servo-driven mechanical compression stage. B) Image of MRE specimen in the compression stage with applied displacement (z 
axis) and magnetic field (y axis) orientations annotated. Highlighted region indicates the uniform magnetic field zone. C) Representative image of MRE laminate 
specimen with annotated dimensions. The MRE layer extends outside of the specimen to provide a tab for clamping in the compression grips. h0 = 20 mm, d = 7 mm, 
w = 7 mm, t = 0.2–0.5 mm. 

1 We have verified through simulations that the clamping of MRE layer does 
not influence the instability development in laminates. 
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are presented in Fig. 2A. Magnetization, defined as the density of 
induced magnetic dipoles, is plotted vs. the applied magnetic field, H, in 
the inset. No magnetization is detected when the iron particles are not 
added to the matrix (φ = 0), demonstrating that the neat elastomer is 
insensitive to the magnetic field. Magnetization increases significantly 
with increasing volume fraction of iron, reaching a maximum magne-
tization strength of 837 kA/m for the highest iron loading of φ = 0.52. 
The magnetization curves consistently saturate at an applied magnetic 

field of approximately 550 kA/m (B = 0.7 T) across all loadings. The 
magnetic susceptibility, χ, in this study is taken as the maximum slope of 
the magnetization vs applied magnetic field curve. The magnetic sus-
ceptibility increased linearly within the range of volume fractions 
investigated with a slope of 4.8 (R-square = 0.997), which is in line with 
values reported in the literature (χ = 2.5 − 5.0 for 3–6 μm particles 
[27]). Negligible remnant magnetization was observed in the MRE 
specimens, which is consistent with the soft magnet nature of the iron 

Fig. 2. MRE Characterization: Effect of Iron Loading A) Increase in magnetic susceptibility with Fe loading. Vibrating magnetometer susceptibility data as a 
function of Fe particle volume fraction. mean ± stdev, n = 3. Inset: Magnetization vs applied field curves highlight saturation at ~550 kA/m (B = ~0.7 T). B) 
Young’s modulus of homogenous MRE specimens under uniaxial compression (λmax = 0.75), mean ± stdev for number of specimens, n = 3. Base-to-catalyst ratio is 
10:1. Inset: Example specimen with the cylindrical shape (diameter, d = 6.36 and height, h = 6.35 mm) used for dynamic mechanical analysis. 

Fig. 3. Magnetic field triggers wrinkling instability. Experimental results of specimen under combined axial compression and transverse magnetic field. A) Image 
array of single layer MRE under fixed pre-compression and increasing applied field. Width of each image is 4.8 mm (φ = 0.29, t = 306 ± 2.4 μm). B) Plot of average 
amplitude of wrinkled MRE layer as function of pre-compression and applied magnetic field. Note: no significant change in amplitude observed in λ0 = 1.00 (pre- 
buckled) and λ0 = 0.86 cases (post-buckled). C) Critical stretch ratio determined from strain sweep experiments at fixed B-fields. 
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particles (see SI section S2 for fitting details). 
The effect of iron particle loading and base: catalyst ratio on the 

mechanical properties of the MRE composite was also characterized. 
Compression-based estimates of Young’s modulus, E, for the MRE 
composite as a function of the iron volume fraction is depicted in Fig. 2B. 
Based on quasi-static compression testing a DMA, the 10:1 base to 
catalyst ratio for the PDMS matrix resulted in Young’s modulus of E =
2.61 MPa without iron fillers (φ = 0). With increasing iron filler volume 
fraction, the stiffness of the MRE composite increased to E = 11.5 MPa at 
φ = 0.52, a 4.4x increase in stiffness from the matrix alone. The base: 
catalyst ratios of 20:1 and 30:1 were also tested, yielding Young’s 
Moduli of 882 ± 50 kPa and 267 ± 43 kPa (mean ± stdev, n = 10), 
respectively (see Fig. S4). The compression stiffness of the 10:1 ratio is 
approximately 8.75x greater than the 30:1 ratio. Silicone oil was also 
added as a plasticizer to further reduce the stiffness of the matrix, 
reaching Young’s Moduli as low as 27 ± 4 kPa (mean ± stdev, n = 10, 
see Fig. S4). However, the silicone oil infiltrated and swelled the pre- 
formed MRE composite layer and was not used for the laminate buck-
ling tests. A brief description of the alternative matrix formulations and 
a summary of their mechanical properties is included in the SI. 

3.2. Characterization of critical stretch ratio tuning 

The magnetic response and tunable mechanical properties of MREs 
are ideal material behaviors to leverage for multi-field control of 
buckling instabilities in composite architectures. Building off prior work 
on magnet-driven wrinkling in thin films on an elastic substrate [42] and 
the deflection of an MRE membrane subjected to a non-uniform mag-
netic field [55], a finite-sized laminate design was selected for this study 
to highlight the tuning capacity of the critical wrinkling strain under 
orthogonally applied magnetic field. Fig. 3A displays images of this 
experimental wrinkling behavior of a single MRE laminate specimen 
(MRE layer, φ = 0.29, t = 306 ± 2.4 μm) under various states of 
pre-compression (λ0) at continually increasing applied magnetic fields. 
The stiffness ratio of the laminate with φ = 0.29 particle loading, and no 
applied field, was El/Em = 15.97 (El – Young’s modulus of the MRE layer 
4.76 ± 0.35 MPa vs. El – Young’s modulus of the elastomeric matrix 298 

± 16 kPa) based on the compression measurements of the previous 
section. Without any applied magnetic field, Fig. 3A shows that the 
laminate geometry has not wrinkled at a pre-compression of λ0 = 1.00 or 
λ0 = 0.93. However, at a pre-compression of λ0 = 0.89, the onset of 
wrinkling in the laminate has already begun, and it is detectably wrin-
kled at λ0 = 0.86. While λ0 = 0.93 showed no wrinkling when the field 

was off, the onset of wrinkling was observed when the field was raised to 
0.6 T. The amplitude of wrinkling appears to quickly plateau as the field 
exceeds the saturation strength of 0.7 T. Higher compression (λ0 = 0.89) 
resulted in wrinkling without the aid of magnetic stiffening, as indicated 
by λc > 0.92 in Fig. 3C but applied magnetic field did increase the 
amplitude of the wrinkled MRE layer. 

Strain-sweep experiments were performed with fixed applied mag-
netic fields of 0.2, 0.4, 0.6, 0.8, 1.0, 1.4, and 1.8 T. The critical stretch 
ratio of each strain-sweep experiment is plotted against the applied 
magnetic field in Fig. 3C, and it indicates that without any magnetic 
field, the sample will begin to wrinkle around λ = 0.92. Low applied 
fields (<0.2 T) resulted in minimal change to λc. A modest level of the 
applied field (0.6 T) reduced the compression necessary to achieve 
wrinkling from λc = 0.92 to 0.97. Past 0.7T, the critical wrinkling point 
appears to plateau at λc = 0.97, which correlates with the saturation 
field strength of the magnetization curves in Fig. 2A. Saturation may also 
be a factor in the applied field sweep of Fig. 3B, as indicated by the 
plateau in wrinkling amplitude above 0.6–0.7 T for the pre-compression 
states of λ0 = 0.89 and λ0 = 0.93. Similar trends in the wrinkling 
behavior with applied magnetic field were observed across all of the 
MRE layer thicknesses (tnom = 258–598 μm, n = 10) investigated at this 
iron particle loading (φ = 0.29) for the laminate specimens (see Figs. S5 
and S6 for representative low and high thickness examples). 

Combining the critical stretch ratio results across all laminate spec-
imens, two dominant features of magnetic tuning are observed. First, the 
MRE laminate consistently wrinkles at lower strains when the magnetic 
field is applied (1.8T) compared to only mechanical loading (0T). As 
shown in Fig. 4A, an applied magnetic field produced a marked increase 
in the critical stretch ratio for all MRE layer thicknesses investigated. 
The average change in stretch critical ratio was Δλc = 0.045 ± 0.012 
between 0 and 1.8 T, which is effectively a 5% change in the critical 
stretch ratio. While a seemingly small value, this 5% shift is more than 
sufficient to reversibly trigger the wrinkling instability by cycling on and 
off the magnetic field at modest pre-compressions. Shifts in the critical 
stretch ratio in the range of 0.04–0.05 were observed at the lower, post- 
saturation applied field of 0.8T, indicating that reversible buckling could 
be leveraged at more modest magnetic fields (see Table S1 for full data 
set of critical stretch ratio vs. applied magnetic field). The wrinkling 
behavior of stiff/soft laminates with a single thin stiff layer was previ-
ously analyzed by Li et al. [56] for the mechanical loading only scenario. 
The study showed that the critical strain, εc, for wrinkling scales with the 
stiffness ratio of stiff/soft layers by (El/Em)

− 2/3, according to the 
following specific closed form solution for plane strain loading: 

Fig. 4. Magnetic field regulates critical stretch ratio and post-buckling amplitude. A) Critical stretch ratio of laminate interface wrinkling with (1.8T) and without 
(0T) applied magnetic field across laminate specimens with different MRE layer thicknesses. Thickness was measured at multiple points along the length the MRE 
layer and averaged. Dashed line denotes theoretical critical stretch ratio (λc = 0.87) based φ = 0.29 laminate stiffness ratio, El/Em = 16 [10]. B) Amplitude of wrinkle 
instability normalized by the MRE layer thickness with and without magnetic field. Amplitude measurements were collected at a stretch ratio of λ = 0.85 and 
tabulated as mean ± stdev of the amplitudes across all wrinkles in the specimen (n = 4–9). 
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εc = 32/3

[
3 − 4νm

(1 − νm)
2

]− 2/3(
El

Em

)− 2/3

(2)  

where νm is the Poisson’s ratio of the soft matrix layers. Assuming 
incompressibility (νm = 0.5), the critical compression strain for the 
laminate stiffness ratio of El/Em = 16 equals εc = 0.13. Using the 
deformation gradient for uniaxial, plane strain compression (F =

diag(1,1 /λ,λ)) and the Green-Lagrange strain tensor, the critical stretch 
ratio predicted by linear analysis in Li et al. [56] is λ(Li)

c = 1 − εc =

0.87. The theoretical estimate is plotted as the dashed gray line in 
Fig. 4A for reference. The analytical expression for the critical stretch 
ratio was also fit to the experimental data to estimate the stiffness ratio 
of best fit. Minimizing the sum of squared errors between the model and 
experiment for all laminate specimens, the estimated stiffness ratios 
were Efit

l /Em = 28.2 and 74.3 for the 0 T and 1.8 T data sets, respectively 
(λfit

c = 0.91 at 0T and λfit
c = 0.95 at 1.8T). If the shift in the critical stretch 

ratio was strictly driven by the stiffness ratio, this analysis would suggest 
the magnetic field increases the stiffness of the MRE layer by ~2.6x. 
However, as seen in the next section, the wrinkling wavelength (which 
should also scale with the stiffness ratio) showed no statistical difference 
between the 0T and 1.8T applied magnetic fields. This suggests that 
there is an alternative tuning mechanism is also at play, in addition to 
the stiffness ratio modification induced by the magnetic field. 

We notice that in the experiments all the specimens under no mag-
netic field develop instability before the theoretical prediction of λ(Li)

c =

0.87. One of the reason behind this discrepancy is that the analysis 
employed to obtain this critical strain value assumes the linear elastic 
response of stiff layer and the soft matrix. It does not account for the non- 
linear regime of large deformations. As we will see in the next section, 
where the non-linear hyperelastic model is employed to define the 
behavior of phases, in simulations, the deformation required to trigger 
wrinkling is smaller than the theoretical prediction. Additionally, the 
discrepancy can be induced due to the manufacturing imperfections, 
loading perturbations, or highly non-linear behavior of phases (for 
example, strain-stiffening and viscoelasticity), which are not considered 
in the present model. Interestingly, both the 0T and 1.8T critical stretch 
ratio data plots exhibit a small, negative linear correlation with 
increasing thickness (Fig. 4A). This slight dependence on thickness may 
indicate that the laminate specimens with higher thickness are less 
sensitive to these imperfections, as the relative size of the defects to the 
MRE layer thickness decreases. 

3.3. Characterization of post-wrinkling amplitude tuning 

The second dominant feature of magnetic tuning is the increase in 
the amplitude of the post-wrinkling pattern with applied magnetic field. 
Dynamic tuning of the wrinkling amplitude is of interest as it could have 
utility for precisely aligning and shaping the internal structure of the 
MRE instability pattern. The amplitude and wavelength of the post- 
wrinkled patterns were collected at an applied compression of λ =

0.85 with, and without, an applied magnetic field. As seen in Fig. 4B, the 
amplitude of the wrinkling pattern increased with the magnet active, 
exhibiting a normalized mean increase of A/t = 0.58 ± 0.28 (mean ±
stdev) across all 10 specimens of varying thickness. The error bars in 
Fig. 4B denote the standard deviation of amplitudes across all peaks in 
the wrinkled MRE layer, which range from 9 peaks for the thinner MRE 
layers to 4 peaks for the thicker. Similar to the critical stretch ratio 
feature, the magnetic-driven increase in wrinkling amplitude was also 
reversible. No statistically significant change in wavelength, L, was 
observed between 0T and 1.8T applied field (see Fig. S7). Again, refer-
encing the linear analysis of Li et al. [56], the wavelength of wrinkling in 
the mechanics-only case scales as L∝t(El/Em)

1/3. Fitting the wavelength 
vs. thickness data using the plane strain-based analytical model [56], the 
stiffness ratio for both the 0T and the 1.8T magnetic field had 

comparable values (El/Em = 25.6 at 0T and 26.7 at 1.8T). This result 
suggests that mechanical stiffening of the MRE layer under the applied 
field is not the primary tuning mechanism of elastic instability. 

Laminate specimens with higher iron loadings in the MRE layer (φ =
0.44 and 0.52) were also prepared. The stiffness ratio between the MRE 
layer and the neat elastomer at these iron loadings of φ = 0.44 and 0.52 
were El/Em = 29.5 and 43.2, respectively. However, these MRE layers 
reacted strongly to the magnetic field and induced twist deformations 
that were incompatible with the plane strain assumption of our laminate 
wrinkling analysis. Under modest field intensities (0.4–0.6 T) and no 
pre-compression (λ0 = 1.0), these MRE layers experienced attraction to 
one of the magnet poles, bending the MRE layer from the center (see 
Fig. S9). Similar behavior was observed even at higher pre- 
compressions. This simple bending mode has a much longer wave-
length than the harmonic wrinkling displacement field for a stiff/soft 
laminate interface, creating a perturbation that is incompatible with 
interface wrinkling. In addition, further increase in the magnetic field 
resulted in the MRE twisting along the z-axis in an attempt to align the 
depth of the MRE with the magnetic field lines (see Fig. S9 for repre-
sentative images). Magnetic field perturbations, finite-size effects, and 
out-of-plane deformations of this nature highlight some of the chal-
lenges of experimental validation of magneto-mechanical phenomena, 
as the relative contributions of mechanical and magnetic energy should 
be balanced for the system to be effectively coupled and not be domi-
nated by either physics. 

3.4. Computational analysis of magneto-mechanical instabilities 

Next, we numerically study the post-buckling behavior of the MRE 
laminate. We employ an amended energy potential to define the 
constitutive behavior of each phase consisting of the elastic and mag-
netic parts [27]. In particular, an augmented neo-Hookean nonlinear 
material model is used (see SI for more details). Following the experi-
ments, the soft matrix is modeled with an initial shear modulus Gm =

100kPa (Em ≈ 300kPa and νm ≈ 0.5), and the stiffness ratio between the 
MRE layer and matrix is Gl/Gm = 16. The matrix is considered to be 
magnetically inactive, while the magnetic response of the MRE layer is 
modeled according to the relation between the induced magnetization 

Fig. 5. Computational model captures trend in magnetic tuning of critical 
stretch ratio. Plot of critical stretch ratio vs magnetic field strength with 
experimental data (dots) and simulation prediction (dashed curve). Experi-
mental data is color coded by the nominal MRE layer thickness of each spec-
imen (n = 10). In the simulations, a periodic RVE of the composite with 1% 
volume fraction of MRE layer is considered. Note: thicker MRE specimens 
(blue) most closely match the predicted instability curve, while thinner MRE 
layers (red) wrinkle earlier. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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and the applied magnetic field observed experimentally (see Fig. S10). 
In simulations, we consider a periodic representative volume element 
(RVE) of the composite with height L and width a, and thickness of MRE 
layer t (see Fig. S11). The RVE is subjected to in-plane magneto--
mechanical loading with compression along the e2-direction and mag-
netic field along the e1-direction. In the simulations, the loading 
condition is implemented by applying periodic boundary conditions for 
both the displacement and magnetic field [44]. To implement the 
single-layer setup (as in experiments), we consider the laminate with a 
very small volume fraction of MRE layer, i.e., cl = 0.01, hence, t =

0.01a. The details of the post-buckling analysis performed to evaluate 
the critical parameters corresponding to the onset of instability are 
provided in Supplementary subsection S8.2. 

The model was first utilized to investigate the role of the magnetic 
field in tuning the critical stretch ratio for MRE wrinkling. The experi-
mental data (n = 10) and the computationally predicted critical stretch 
ratio vs magnetic field curves are plotted in Fig. 5. The computational 
model captures the qualitative trend of the experimental data, exhibit-
ing the initial reduction and then plateau in the critical stretch with 
increasing field strength. However, the model predicted quantitatively 
higher critical deformation levels for all values of the applied field. This 
is largely due to the experiment fabrication and testing variability issues, 
which lead to the premature triggering of the wrinkling instability. As 

discussed in the previous section, the thinner MRE layer specimens 
exhibit earlier wrinkling initiations than the thicker MRE layers. The 
trend in thinner MRE layers wrinkling at lower stretch ratio is clearly 
seen in the color coding (red – thinner, blue – thicker) of the data in 
Fig. 5. We found that the trend observed here in the experiments can be 
attributed to the geometric imperfections. In particular, we observed 
that the wrinkling detection method used on the experimental data (see 
Supplementary Information Sec. S2) has higher sensitivity to the im-
perfections in thinner MRE layers. Interestingly in the mechanical-only 
case (0T), the hyperelastic material model predicted a slightly higher 
critical stretch ratio (λc = 0.878) than the linear elastic model (λc = 0.87 
[56]). Although small, this difference highlights the influence of the 
choice of a constitutive model for the wrinkling mechanics simulation. 
Furthermore, we note that although the MRE layer is modeled as a ho-
mogenized continuum material, it is a composite with iron particles 
embedded in a soft matrix. Therefore, it may exhibit highly non-linear 
mechanical behavior (for example, strain stiffening), which are not 
accounted for in the present study. These material behavior un-
certainties can induce additional discrepancies and require full multi-
scale modeling to be resolved. 

The computational model was next utilized to investigate the local 
magnetic field distribution within the MRE laminate composite as a 
function of mechanical compression. Color plots of the magnetic field 

Fig. 6. Magnetic field amplifies wrinkling amplitude with geometry-induced local field distribution. A) Color plot of magnetic field intensity at an applied field of 
1.8T with applied stretch ratios of λ = 1, 0.9 and 0.8. Black dashed line denotes the deformation configuration of the MRE layer without magnetic field applied (0T). 
Plots of the local magnetic field, separated into B) aligned (Bx) and C) orthogonal (By) directions to the applied field, evaluated along the MRE layer/soft matrix 
interface at the undeformed, pre-wrinkling and post-wrinkling stretch ratios. The dotted green line in panel A denotes the single wavelength of the interface length 
plotted in panels B and C. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Leveraging Magnetic Field to Control Wrin-
kling Behavior. A) Plot of modeling predictions of 
normalized wrinkling amplitude, A/t, vs stretch 
ratio, λ, with and without applied magnetic field. 
Magnetic tuning features include (1) triggering 
wrinkling at lower compressions, (2) amplifying the 
amplitude of the wrinkling pattern in post-buckling, 
and (3) maintaining the wrinkling amplitude under 
varying compression by simultaneous adjusting the 
magnetic field. B) Representative example of (1) 
triggering wrinkling with magnetic field (1.8T) at a 
pre-buckling stretch ratio (λ0 = 0.917) and (2) 
amplifying wrinkling amplitude at post-buckling 
stretch ratio (λ0 = 0.875). MRE layer thickness, t 
= 466 ± 27 μm.   
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intensity, |B| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2

x + B2
y

√
, are shown in Fig. 6A under an applied 

magnetic field of B = 1.8T for mechanically-applied stretch ratios of λ =
1, 0.9, and 0.8. In the reference configuration, the magnetic field in-
tensity is uniform and equal to the applied field of 1.8T. However, as 
wrinkling initiates in the MRE layer, the magnetic field starts to vary 
along the length of the MRE layer due to the perturbed wrinkling ge-
ometry. The magnitude of this field variation increases as more me-
chanical compression is applied, reaching approximately a 10% 
deviation from the applied field intensity of 1.8T at λ = 0.8. Further 
focusing on this variation, Fig. 6B and C shows the local magnetic field 
along the interface between the MRE layer and soft matrix, separated 
into directions aligned (Bx) and orthogonal (By) to the applied field. 
Fig. 6B and C zoom in on a single wavelength of the MRE layer, where 
the wavelength location is denoted by the green dash-dotted line in 
Fig. 6A. The magnetic field intensity increases at the peaks of the 
wrinkled MRE interface, but it decreases at the troughs in the wrinkled 
MRE interface. At small wrinkling amplitudes (modest applied stretch 
ratios), the magnetic field at the MRE layer interface nearly follows the 
profile of the wrinkling displacement. However, at larger wrinkling 
amplitudes, the magnetic field in the x-direction becomes even more 
intensely localized to the crest and peak points along the MRE interface, 
and the profile does not follow a single frequency sine wave. For By, the 
magnetic intensity is zero at the crest and peaks of the wrinkled MRE 
interface, as the surface normal of the MRE layer is aligned with the field 
at these points. Away from these points, the vertical component, By, of 
the magnetic field cycles between positive and negative values accord-
ing to the orientation of the surface relative to the applied magnetic 
field. This component is relatively small compared to the magnitude of 
the applied field (~0.2 T vs. 1.8T). However, the introduction of these 
attractive field variations in the vertical direction likely promotes 
increased wrinkling amplitudes in the post-wrinkling regime. To high-
light the amplitude increase caused by the magnetic field, the deformed 
configuration of the MRE layer under mechanical loading only (0T) has 
been included as a dashed outline in the color plots of Fig. 6A. Psarra 
et al. [41] made a similar observation in their MRE surface layer study, 
suggesting that alternating attractive fields develop across the wrinkled 
MRE surface due to the wavy geometry. At a minimum, the localized 
magnetic field correlates with the early initiation of wrinkling instability 
and the increase in wrinkling amplitude. While other mechanisms could 
also be contributing to this tuning capability, such as magnetostriction 
and induced stiffening effects, these seem less dominant than the 
interaction of wrinkle geometry and the magnetic field. 

A key contribution of this work was the experimental validation of 
two magnetic field tuning mechanism in the MRE laminate, specifically 
the ability to trigger wrinkling and the ability to amplify the amplitude 
of wrinkling in the post-wrinkling regime. We highlight these two tuning 
features in Fig. 7A, using a plot of normalized wrinkling amplitude (A/ t) 
vs. stretch ratio for an “active” (1.8T) and “inactive” (0T) magnetic field 
scenario. This diagram serves as a practical design guide on how much to 
pre-compress the laminate in order to maximize the amplitude increase 
induced by the magnetic field. A representative example of (i) triggering 
wrinkling and (ii) amplifying the wrinkle amplitude are shown in 
Fig. 7B, with side-by-side experimental and simulation comparisons. To 
highlight the reversibility, time-lapse video of the laminate wrinkling 
under fixed pre-compression and increasing magnetic field were 
compiled (see SI for the videos). The speed of triggering the wrinkling is 
dependent on the activation speed of the magnet. In this study, the 
magnet field strength was slowly incremented in order to access the 
effects of a quasi-static field. However, for a dynamic tuning operation, 
the magnet could be programmed to step more rapidly and in fewer 
increments between target field strengths. 

4. Conclusion 

MREs comprised of various iron particle loadings in PDMS silicone 

matrix were investigated for their use in the magnetic field-induced 
tuning of mechanical instabilities. The highly tailorable silicone ma-
trix was leveraged to fabricate both the magneto-active and the soft 
magneto-inactive layers for the laminate specimen, with the shared base 
chemistry providing good interfacial compatibility. Compressive strain 
under varying levels of the magnetic field were applied to investigate the 
critical buckling strain required to trigger the wrinkle pattern formation. 
The critical wrinkling strain predicted by the computational model 
follows the trend of the experimental data, but with slightly higher 
quantitative estimates for the wrinkling strain. Interestingly, specimens 
with thicker MRE interlayers more closely match the computational 
predictions, suggesting that these specimens were less sensitive to arti-
facts from the fabrication process in triggering the early onset of buck-
ling. The role of the magnetic field on post-wrinkling behavior is also 
investigated, revealing a significant increase in the amplitude of the 
MRE wrinkled wave profile. Moreover, in addition to the magnitude, the 
instability characteristics are also dictated by the direction of the 
applied magnetic field. In particular, we found that when the field is 
applied parallel to the MRE layer, it has a stabilizing effect. This is in 
contrast with the case when the magnetic field is applied in the 
perpendicular direction (see Sec. S9 in Supplementary Information). 

The balance between the magnetic and mechanical loading can be 
tuned to provide a variety of possible designs leading to significant 
geometric re-arrangements upon instabilities. For example, the MRE 
composite can be brought mechanically to the verge of wrinkling, and 
then be triggered with the application of a small-amplitude magnetic 
field. The reversibility and non-contact activation of the MRE buckling 
present new opportunities to reconfigure the underlying material ar-
chitecture, which could be leveraged for load sensing, tunable energy 
absorption, and mechanical wave attenuation. Additionally, these 
magnetic tuning mechanisms could be used for applications such as 
controlling mechanical wave propagation [57], actuation of soft ro-
botics [58], or adaptive metamaterials [59]. These findings demonstrate 
the promise of pairing magneto-mechanical coupling and mechanical 
instabilities in material systems for quick and remote actuation, and 
motivate further study into strategies to maximize this tuning effect. 
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