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ABSTRACT: In this work, silicone loaded with magnetic
particles is investigated for creating a composite with higher
permeability while still maintaining stretchability. Magnetic
and mechanical properties are first characterized for
composites based on both spherical and platelet particle
geometries. The first magnetic-core stretchable inductors are
then demonstrated using the resulting ferroelastomer.
Solenoid inductors based on liquid metal galinstan are then
demonstrated around a ferroelastomeric core and shown to
survive uniaxial strains up to 100%. Soft elastomers loaded
with magnetic particles were found to increase the core
permeability and inductance density of stretchable inductors by nearly 200%.
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The field of stretchable electronics has become increasingly
important in recent years, with uses including biomedical

devices,1 soft robotics,2 and wearable systems.3 Stretchable
structures can survive repeated strains of tens to hundreds of
percent. This property becomes important for sensor on a
surface such as human skin,1 an inherently stretchable substrate
that can reach strains up to 100%.4 Because connections for
data and power are likely failure points in stretchable systems,
highly deformable inductors have been developed for wireless
power5,6 and communications.1 Stretchable inductors have
been fabricated using wavy rigid conductors,1,5 microcracked
metal films,7 and liquid metals,6,8,9 all in a nonmagnetic
stretchable substrate. Many nonstretchable inductive systems
utilize high permeability magnetic materials to increase
inductance density. Magnetic backplanes may be incorporated
to improve coupling between wireless power coils.10 However,
the magnetic materials in these systems are typically rigid and
poorly suited for stretchable electronics.
Ferroelastomers are stretchable polymers such as silicone

that are loaded with magnetic particles. The resulting
composite retains most of the mechanical properties of the
elastomer while adding a magnetic response, including relative
permeability greater than one, because of the embedded
particles. The most prominent use of ferroelastomers has been
for magnetorheological elastomers (MRE), elastomers with
tunable mechanical behavior based on applied magnetic field.11

The field creates a force on individual particles that resists
mechanical strain, resulting in increased effective stiffness.
Other uses of ferroelastomers include electromagnetic shield-
ing12 and microstructure actuation.13 A survey of the
mechanical and magnetic behavior of representantive silicone-
based ferroelastomers is shown in Table S1 in the Supporting
Information.

This work investigates the use of ferroelastomers for
stretchable electronics. By incorporating magnetic particles,
the first magnetic-core stretchable inductor is demonstrated, a
solenoid based on liquid metal around a ferroelastomer core.
Using ferroelastomers results in higher permeability and
resulting inductance density compared with nonmagnetic
elastomers. With magnetic particles, unstretched inductance
was increased up to 2.9 times that of an inductor with the
original elastomer core, while surviving strains of up to 100%.
Galinstan (melting point −19 °C) was chosen for the
electrodes to minimize resistance, because liquid inductor
traces have been demonstrated to survive strains of 200% with
cross-sections as large as millimeters.8 The elastomer used was
the soft silicone Ecoflex 00−30 (Smooth-On), with a breakage
strain of 900% and an elastic modulus at low strain of
approximately 125 kPa.14

Ferroelastomers were created using one of two different
commercially obtained magnetic particles, molypermalloy
powder (MPP) (Spang and Co.) and Sendust (Steward
LP987). Molypermalloy is a nickel−iron−molybdenum alloy
(79% Ni, 17% Fe, 4% Mo) with bulk relative permeability of
20 000.15 MPP is made by grinding bulk molypermalloy and
sieving to a desired mesh size; as a result, the 400-mesh
(maximum particle size 37 μm) powder used in this work
consisted of a range of sizes, primarily in the tens of microns,
with a roughly spherical or boulder shape (Figure 1a). This
mesh/particle size was chosen as the smallest size commercially
available for MPP. Sendust (85% iron, 9% silicon, 6%
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aluminum) has a similarly high relative permeability of 16 000
to 36 000.16 The Sendust powder consisted of thin platelets, flat
sheets (Figure 1b) with thickness approximately 1 μm (Figure
1c). Both Sendust and MPP are used for powder cores,
inductor cores based on highly packed magnetic powders with a
small quantity of binding polymer used for structure and
isolation.17 To maximize permeability, the polymer in powder
core inductors is generally less than 10% by volume (3−4% by
weight),17 too low for practical ferroelastomers.
Molypermalloy powder and Sendust were mixed into liquid

silicone precursors before curing to create the magnetic
composite. Adding powders results in an increase in the
viscosity of the mixture. The maximum usable concentration
occurs when the liquid becomes too viscous to be poured for
molding. The MPP mixture remained pourable up to 80%
molypermalloy by weight, while the Sendust became too
viscous above 20% by weight. The difference in viscosity is
likely due to particle shape, with long thin Sendust platelets
affecting the shear forces within the fluid more than the smaller
spherical MPP. Dense powders also gradually settle during
curing, resulting in a surface layer in the elastomer largely void
of the filler material. To minimize settling, we rapidly cured the
elastomer at 85 °C on a hot plate, with final cure occurring in
less than 30 min.
Magnetic composites can be treated as magnetic circuits,

where magnetic flux is inversely proportional to the closed path
line integral of magnetic field by a quantity defined as
reluctance, a magnetic circuit analog to electrical resistance.
Both MPP and Sendust have a relative permeability in the tens
of thousands, compared with one for the nonmagnetic silicone.
Highly magnetic particles behave as effective “shorts,”
approximately zero reluctances, and are surrounded by regions
of high-reluctance silicone (magnetically free space). The
overall permeability is therefore set not by the permeability of
the particles themselves, but by the width and number of gaps
between neighboring particles. The average number of gaps and
width of each defines the total distance through nonmagnetic
silicone that the magnetic field must pass through within the
core, known as the “distributed air gap” of the inductor,18 and
the ratio between the total core length and this value is
approximately the relative permeability. As packing density
increases, the spacing between particles falls. Each ferroelas-
tomer was cut after curing and examined using a scanning
electron microscope to estimate particle spacing. With 60%

MPP by weight (16% by volume), the gap between neighboring
particles is tens of microns (Figure 1d). As the MPP loading
increases to 80% by weight (33% by volume), this gap drops to
less than ten micrometers (Figure 1e). The Sendust platelets
are more isolated because the maximum loading is only 20% by
weight (4% by volume) (Figure 1f). However, because the
sheets of Sendust are highly anisotropic, very long, and thin, the
number of gaps between particles to create a complete
magnetic path will also be shorter than the more spherical
MPP. No additional magnetic field was applied during curing,
so there is no preferred alignment for the Sendust platelets.
Sheets of Sendust that happen to be aligned with a magnetic
field will effectively short out large regions of silicone.
To extract the relative permeability, we encapsulated

commercial air core inductors (Coilcraft 2929SQ-501, nominal
inductance 500 nH) in Sendust- and MPP-based ferroelas-
tomers and compared to a similar inductor in nonmagnetic
silicone. The precise orientation, sizing, and positioning of the
individual particulate is effectively random; creating an exact
model of the permeability is impossible. Instead, effective
medium theory was used, where assumptions about the general
shape and distribution of particles are used to approximate the
behavior. The Maxwell Garnett model19 assumes ellipsoid
particles, evenly distributed and far enough apart that particles
are only weakly interacting,21 and is valid for the relatively low
fill fractions in this work. Within these assumptions,
permeability follows the relationship20
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where μeff, μ1, and μ2 are permeabilities of the composite,
surrounding medium, and particle inclusions, respectively, and f
is the volume fill fraction of the inclusions. The shape of an
ellipsoid also acts to reduce the effective magnetic moment
within a particle, according to a geometric term known as the
demagnetizing factor. The demagnetizing factors of the three
axes must sum to one.
The boulder-shaped molypermalloy can be treated as roughly

spherical; because spherical particles are isotropic, the
demagnetizing factors for each axis will be equal to 1/3,
resulting in no impact from the orientation of individual
particles. Figure 2a shows measured relative permeability for
different loading fractions of MPP, along with expected results
using the model. The average particle diameter used in the
model was 22.3 μm, estimated by measuring the size
distribution of particles optically. The Sendust particles, on
the other hand, are very asymmetric, flat platelets with average
diameter 66 μm and thickness 1 μm.22 Cumulative size
distributions for each are provided inFigure S1 in the
Supporting Information. The demagnetization factor for a
platelet is very close to zero in plane, and approximately one
normal to the plate (assuming a flat disk with the Sendust
dimensions, 0.163 and 0.968 for in plane and out of plane
respectively).23 The orientation therefore makes a large
difference in the resulting permeability. If all the plates are
normal to the magnetic field, almost no silicone is magnetically
shorted by the particles, and the relative permeability will be
close to 1. When plates are completely aligned with the applied
field, the permeability will be maximized. In the Sendust-loaded
composite, platelets are randomly ordered, with no preferential
alignment direction; some plates are aligned in parallel with the
field, resulting in shorting of long lengths of silicone, whereas

Figure 1. SEM images of (a−c) magnetic particles before coating: (a)
MPP, (b, c) Sendust, and (d−f) after mixing in elastomer: (d) 60%
and (e) 80% by weight MPP and (f) 20% by weight Sendust.
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others will be angled and have lower impact. In the model, this
randomization is incorporated by assuming a third are aligned
with each axis because of the lack of a preferential direction.
Measured permeability for the Sendust composite closely
follows the expected permeability for random ordering (Figure
2b).
Adding filler particles to elastomers such as natural rubber

has been done for centuries for the purposes of both
reinforcement and cost reduction, most commonly with carbon
black or silica particles.24 As the fraction of particulate increases,
the effective stiffness of the ferroelastomer will rise because of
two effects: the weighted combination of the stiffness of the
two constituents is higher, and the particles provide additional
cross-linking sites that restrict the mobility of the polymer
chains.25 Because the magnetic particles are orders of
magnitude stiffer than the polymer, the blend results in a
gradual increase in mechanical strength and effective elastic
modulus of the bulk composite material as the volume fraction
of particulate increases. As with the magnetic behavior, particle
shape plays an important role. Long narrow platelets, with a
high surface area to volume ratio, interact more strongly with
the neighboring polymer than spheres with similar volume.
The combined strain-softening and strain-hardening behav-

iors of hyperelastic rubber materials such as silicone are well-
described by the Ogden model.26,27 The elastomer is assumed
to be incompressible, with a Poisson’s ratio approximately 0.5,
and thus the volume of the material is conserved during
deformation. During quasi-static uniaxial strain testing, the
elastomers were found to experience significant stress
relaxation, with the initial loading cycle having a stiffer response
before softening to approach a steady-state elastically reversible
behavior in subsequent loading cycles (Figure 3a). Because the
Ogden model assumes that the stress−strain curve is
completely reversible, the samples were first conditioned by
applying multiple loading cycles to reach consistent behavior.
An ensemble average of multiple stress−strain curves covering
multiple cycles and multiple specimens was obtained after
conditioning ferroelastomers loaded with 40 and 80% MPP as

well as 10 and 20% Sendust (Figure 3b). A four-parameter
Ogden model was then obtained using a nonlinear regression
on the ensemble averages for each formulation. Increasing
particle volume fractions results in two primary changes in the
quasi-static mechanical behavior of the bulk material: (1)
effective stiffness increases and (2) the strain softening and
strain hardening effects are amplified. For the same mass
loading fraction, both effects are much more pronounced in the
Sendust loaded samples. For example, 20% Sendust by weight
has a stress−strain curve that tracks closely to the stress−strain
curve for 80% MPP by weight (Figure 3b). The effect of the
large platelet area counteracts the difference in volume loading.
This effect parallels the previously mentioned effect on viscosity
observed in the precured ferroelastomers. The Sendust-based
ferroelastomers are thus mechanically similar to the MPP-based
elastomer with comparable permeability, although with far
lower mass density and resulting sample weight in the final
composite.
In a stretchable magnetic core, one of the most important

characteristics is the change in effective permeability when the
composite is deformed. Stretching a ferroelastomer results in a
change in the relative position of rigid particles within the
magnetic composite. Because magnetic particles are orders of
magnitude more rigid than the surrounding silicone, the
deformation occurs primarily in the soft elastomer. As the
composite is stretched, the particles move farther apart along
the strain axis, resulting in a larger spacing between the
individual particles in the direction of stretching. Poisson’s
effect leads to a corresponding decrease in particle spacing in
the directions normal to the direction of stretching. The
resulting increase in the effective gap along the magnetic core
and corresponding reduction in cross-section geometry is
expected to result in a drop in permeability as the core is
stretched.

Figure 2. Relative permeability of (a) MPP and (b) Sendust
ferroelastomer with varying loading fraction of magnetic particles.

Figure 3. (a) Cyclic loading data for 20% by weight Sendust
ferroelastomer and (b) stress−strain curves of MPP- and Sendust-
based ferroelastomers.
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In our previous work,9 a technique was developed for
fabricating a nonmagnetic core solenoid inductor using liquid
metal (summarized in the Supporting Information). 3D printed
molds (Figure S2 in the Supporting Information) are used to
create multilayer open channels in soft silicone, which are then
sealed by bonding to partially cured silicone. Galinstan injected
into the channels forms stretchable conductive traces. Using the
same technique, a magnetic core solenoid was fabricated by
substituting ferroelastomer for the molded layer. Because the
inductance of a solenoid is primarily dependent on the
permeability within the core, nonmagnetic Ecoflex was used
for the top and bottom sealing layers. This allows the traces to
be observed during liquid metal fill and testing, because the
partially transparent silicone becomes dark and opaque when
loaded with magnetic particles. Both inductors with applied
strain direction along and perpendicular to the core direction
were tested to determine if the permeability became anisotropic
during stretching.
Solenoids with ferroelastic cores consisting of 20% Sendust

and 80% MPP were tested using a uniaxial testing setup (Figure
4a). The inductance of a coil is dependent on geometry,
allowing use as a hyperelastic strain gauge.8 A solenoid
stretched along its core axis drops in inductance, while the
same strain perpendicular to the core axis increases the
inductance. When the magnetic core inductor is stretched, the
inductance (Figure 4c, e) varies both due to the changing
geometry as well as the variation in the effective permeability of

the ferroelastomer. For strains parallel to the core, both
materials exhibit comparable behavior, with measured in-
ductances being almost indistinguishable between the two
composites at each tested value of strain. However, for large
strains perpendicular to the core, the Sendust-based inductor
exhibits lower inductance than the comparable MPP sample.
Because the magnetic fields of a solenoid are concentrated in
the core, the inductance is proportional to the magnetic
permeability of the core material.28 Approximate permeability
(Figure 4d, f) can therefore be calculated by dividing by the
nonmagnetic core inductance at a given strain value.
Permeability drops for both perpendicular and parallel
mechanical strains in both materials; the lower inductance for
the perpendicular strains in the Sendust material is reflected in
a larger drop in the relative permeability. The drop in
permeability for both directions of mechanical strain results
from an increase in the average particle spacing in the material.
In an incompressible material such as an elastomer at moderate
strains, particle spacing increases linearly in the direction of
applied strain, while along the other two axes it drops more
slowly according to a square root relation.8 When the particles
are initially randomly distributed, this difference in behavior
results in most particles moving farther apart (more than 80%
of possible particle positions for the strains in this work, as
shown in the numerical example in the Supporting Information
and Figure S3). A five cycle loading test to 40% maximum
applied uniaxial strain was also performed on each of the two
ferroelastomers, finding no clear change in inductance density
and permeability behavior with cycling (Figure S4 in the
Supporting Information).
Using magnetic materials such as the ferroelastomers in this

work allows larger inductance densities to be reached in
stretchable inductors. Although the relative permeability
remains small relative to traditional core materials, it represents
a nearly 200% increase in the inductance of the solenoid
compared to nonmagnetic silicone. With platelet-type partic-
ulate, this increase requires only a 25% increase in mass density
of the elastomer. We believe that stretchable magnetic-core
inductors are an important development for improving
communication and power systems in highly compliant
systems. The stretchable magnetic-core solenoid demonstrated
in this work would be ideal for tuning the mechanical
properties in MRE-based soft robotic grippers. The same
material is also well-suited as magnetic backplanes for
stretchable wireless power.
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