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ABSTRACT

Imagine a material that will produce electricity via a contactless, wireless signal. Further, we hope that this material is capable of large deformation reminiscent of
soft robots and is soft enough to conform to irregular or curved geometries. This would all be possible if soft magnetoelectric materials were available; paving the way
for applications such as remote drug delivery, energy harvesting, soft robots, multiple state memories among others. Here, for the first time, using the concept of hard
magnetic soft matter in combination with electrets, we design and create a soft magnetoelectric material that exhibits an extremely strong, self-biased magneto-
electric effect. Further, using programmable pattern of deposition of magnetic dipoles and charges, we report a giant magnetoelectric coefficient in an ultra-soft

deformable material that retains its strength even under infinitesimal external fields and at low frequencies.

The magnetoelectric (ME) property is rare in single phase (natural)
materials and restricted to certain hard exotic crystals that satisfy a
stringent set of material symmetry constraints [1-3]. An alternative
approach is to create artificial ME materials using composites of piezo-
electric and magnetostrictive materials [4-8]. While such composites
may exhibit significant magnetoelectricity [9-11], they are typically
hard brittle materials and often painstakingly fabricated and frequently
contain environmentally toxic materials such as lead. Even polymer
based ME composites (in particular PVDF and its copolymers) which are
regarded as lead-free, flexible and light weight class of ME composites,
are not suitable candidate for applications in soft robotics, biology and
medicine due to several reasons: First, truly soft ME composite do not
exist! Even flexible PVDF based ME composites have elastic modulus on
the order of several GPa and, therefore, are not really soft. Second, an
external static bias-field is often necessary to achieve an appreciable ME
coupling in composites and this renders the resulting devices quite bulky
and hinges on the integration of electronics [12]. We emphasize that the
magnetoelectric coefficient @ of such materials (which embodies the

strength of the interconversion between electrical and magnetic fields) is
directly proportional to the externally applied magnetic field h°, and
thus becomes negligible for small fields unless a pre-existing static bias
magnetic field is present. Finally, ME composites exhibit strong coupling
only at high frequencies rendering them unsuited for wireless energy
transfer for implantable medical devices where high frequency magnetic
field may cause safety issues [13]. Examples of low frequency applica-
tion of ME materials includes targeted drug delivery [14], brain stimu-
lation [15], and tissue regeneration [16].

Recently, we have made some progress in creating soft ME materials
based on silicone rubber by exploiting the so-called Maxwell stress effect
and electrets [17,18]. Electrets are dielectric materials with embedded
immobile electric charges and/or dipoles. We have shown that electret
materials can exhibit a piezoelectric-like behavior if designed carefully
[19-22]. While the fabricated materials were indeed mechanically soft,
the magnetoelectric coefficient was modest especially under weak
magnetic fields (and thus shares the same disadvantage as ME com-
posites in that the magnetoelectric coefficient depends linearly on the
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external applied field (a « h®).

In this work, however, we make a significant breakthrough. We use
the concept of hard magnetic soft matter [23-25] and electrets
(-referred in the following as hard magnetic soft electrets-HMSE). The
inclusion of hard magnetic particle in soft rubbers has been exploited to
induce large and fast actuation in soft materials [23], self-lubricating
soft continuum robots [25] and soft magnetoelastic generator [26].
We have recently presented the theory of hard magnetic soft materials to
create the ME effect [27] but there is no report of creation of soft
magnetoelectric material using hard magnetic particles. HMSEs are soft
materials in which magnetically hard micro particles and electric
charges and dipoles are embedded in a way to exhibit non-uniform
magnetic field strain (See Fig. 1). The electrets provide the basis for
an apparent piezoelectric-like behavior. The reason for designing the
material such that an imposed magnetic field generates a non-uniform
deformation is that, non-uniformity of the deformation is essential for
the exhibition of the apparent piezoelectric effect [19-21]. The reason
for using hard magnetic particles instead of soft-magnetic particles is
that hard magnetic materials have high coercivity which helps sustain
the high residual magnetic flux density over a wide range of applied
magnetic fields below the coercive field strength. Also, as our theoretical
work shows (see Methods and Supplementary Information (SI) Section), in
this concept, the mechanical strain ¢ is linearly proportional to magnetic
field € « B'h® and the magnetoelectric coefficient of these materials be-
comes independent of the externally applied magnetic field (a « qoB").
Here, B is the residual magnetic flux density due to hard-magnetic
particles and qq is the electret charge density. Therefore, HMSEs can
enable extremely large ME coupling coefficient even under extremely
small magnetic fields and there is no need for a static bias field. The third
reason for preference of the hard magnetic materials over soft magnetic
materials is that the hard magnetic materials can be easily programmed
to exhibit any kind of deformation pattern and therefore may be used to
design programmed hard magnetic soft electrets. It is important to note
that the magnetoelectric effect in HMSE materials relies on apparent
piezoelectric property of the electret phase of the material. This enables
conversion of magnetic field into electricity which is fundamentally
different from magnetic induction that has been used in other works in
the literature [26,28] in order to harvest electric energy from mechan-
ical motion.

We show that guided by a rigorous theoretical and computational
framework, HMSEs with giant ME voltage coupling coefficient a§ff, > 1
can be designed and fabricated in a rather facile manner. Indeed, the
fabrication scheme for the HMSEs is accomplished at low temperatures
and amenable for small scale and miniaturized applications. We remark
that any soft dielectric material can be used to as the basis for the HMSEs
e.g. rubber. As we demonstrate, the ME effect can be designed (even
optimized) by modifying the arrangement of electric charges/dipoles or
altering the alignment of magnetic particles inside the material. Spe-
cifically, for a system made of an electret polytetrafluoroethylene
(PTFE) thin film layered with micro-hard-magnetic particle embedded
silicone rubber, we demonstrate a room temperature ME voltage
coupling coefficient of 332.7 mVem ! Oe ™! at low frequency (1Hz) and
zero bias field. Finally, upon programmed patterned magnetic dipoles
(guided by theory), under flexure deformation mode, we are able to
report a giant ME voltage coupling coefficient of 15.36 Vem ™! Oe ™! at
resonance frequency of 6 Hz in an elastically uniform material with
elastic modulus of 55 KPa.” To the best of our knowledge, this is the only
soft material fabricated so far which exhibits a “giant” ME effect. In fact,
the ME coupling coefficient of our fabricated material is even compa-
rable to the highest values reported in the literature for polymer based
ME composite but with the caveat that our material is extremely soft

2 Technically, we do have a very thin teflon layer to stabilize the charge so
there is a disruption in elastic non-uniformity but this is a rather localized and
isolated disturbance.
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(capable of large deformation), operable at low frequencies and no bias
field is required (see and Fig. S1 in the SI for a comparison to other
material systems.)

1. Emergent magnetoelectricity in tension-compression
deformation mode

The materials preparation is described in Methods. In the simplest
design, HMSE is composed of two disc shape layers. One layer consists of
a neodymium-iron-boron microparticles (NdFeB) in the soft rubber
(Ecofelx-0010) which we refer to as magnetic elastomer and the second
one is polytetrafluoroethylene (PTFE) thin film sandwiched between
two mechanically compliant electrodes (see inset of Fig. 2a and Fig. S2).
A layer of surface charge was deposited onto one surface of the PTFE
thin film by the corona charging technique to create the electret. PTFE is
known to be better for electret charge stability [29]. In addition, since
PTFE is not ferromagnetic, it hardly deforms under a magnetic field,
while a nonzero deformation is developed in magnetic elastomer layer in
response to an applied magnetic field. This non-uniform deformation is
vital to the appearance of a electromechanical response in the material
(see Eq. S8 in the SI). In order to compare the behavior of HMSEs with
previously developed Soft Magnetic Soft Electrets (SMSEs) [17], we also
fabricated and examined a SMSE sample by attaching a soft magneto-
active rubber to a charged PTFE layer. The soft magnetoactive rubber
which is referred to as iron embedded elastomer is a mixture of iron
microparticles and soft rubber (see Methods for details on fabrication of
SMSE samples and see Fig. S3 for the depiction of SMSE, HMSE and
programmed HMSE).

The two layers of PTFE, magnetic elastomer layers behave differently
in response to the applied magnetic field. The magnetic permeability of
the PTFE layer is close to 1 and thus will not deform in response to the
magnetic field. However, the magnetic elastomer layer will tend to
expand (resp. contract) along the thickness direction if the applied field
is in the same (resp. opposite) direction of the residual magnetic field.
This behavior is due to the existence of hard magnetic particle inside the
magnetic elastomer layer which leads to the existence of a large residual
non-zero magnetic flux density inside this layer. The interplay between
external and internal magnetic flux density thus leads to the deformation
of the material. This behavior is consistent with our theoretical results
(see Egs. S6 and S7 in the SI). Therefore, magnetic elastomer layer will
deform in response to magnetic field and PTFE layer remains almost
undeformed. The non-uniform deformation in the electret material leads
to an apparent piezoelectric effect in these materials [19,20,30]. Our
theoretical results show that a strain mediated magnetoelectric effect is
possible when two layers deform differently (see Eq. S8). This
non-uniform deformation alters the electric field inside the material
which, under short circuit boundary condition, leads to the transfer of
electric charges from one electrode to the another. This magnetic field
induced transfer of charges can be interpreted as the ME effect. It is
important to note that this ME mechanism is sharply different from ME
mechanism in conventional ME composites. The ME mechanism in
composites relies on the transfer of strain from one phase to another,
while the ME effect in HMSEs relies on non-uniform deformation. This is
because existence of non-uniform deformation is essential for generation
of piezoelectric effect in electret materials [19-21]. We have experi-
mentally measured electric output charges generated as result of an
alternating magnetic field with frequency of 1 Hz applied to both HMSE
and SMSE samples. The output charge versus time is plotted in Fig. S4.
Measured output charges are used to calculate the ME voltage coupling

coefficient of material using the relation aﬁ,ﬁ% = %, where AQ, H and
C*f respectively, are the total output charges, total thickness and the
effective capacitance of the material. The values of C*f = 44.4 pF and
C*f = 34.5 pF have been experimentally measured for both HMSE and
SMSE samples. Further details on experimental measurement of ME

voltage coupling coefficient can be found in the SI. Fig. 2a shows the
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Fig. 1. A schematic illustration of Hard Magnetic Soft
Electret (HMSE) materials. (a) HMSE materials
fabricated in this work are composed of two layers of
dielectric material(s) with a layer of embedded
charges at the interface (electric charge shown with
yellow circles with plus sign on the sphere). In addi-
tion to charges, magnetically-hard micro particle are
embedded in top layer of the material. The material is
sandwiched between two mechanically compliant
electrodes. Magnetic dipoles may be patterned or
programmed to mediate a desired strain-mediated
magnetoelectric effect. (b) Applying magnetic field
to this material leads to change in the electric polar-
ization of the material. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. (a) The ME voltage coupling coefficient of HMSE and SMSE measured at different magnetic fields. Inset of the figure shows the structure of HMSE which is
made of two layers. NDFeB micro particle embedded soft rubber is on top and PTFE layer is on bottom and there is a layer of electric charges between two layers. (b)
The ME voltage coupling coefficient of different HMSEs with different interfacial charge densities measured at h° = 627 Oe.

voltage coupling coefficient of two samples for different magnetic fields.
This figure also illustrates that the voltage coupling coefficient of the
SMSE is linearly proportional to the magnetic field and, more impor-
tantly, it vanishes at zero magnetic field (as predicted by us). Therefore,
SMSEs are similar to conventional ME composites, and show an
exceedingly weak response for modest magnetic fields. This necessarily
implies that a static bias magnetic field has to be used to increase the
sensitivity of SMSEs. On the contrary, ot of HMSE is constant with
respect to external magnetic field, and is experimentally measured to be
around 204 mV cm~10e ™!, which is significant for practical applications
[31]. As evident from the figure, our theoretical prediction of ME
voltage coupling coefficient is consistent with experimental results
(details of the theoretical approach is in the Methods section and SI). The
mechanistic underpinnings for the distinct behavior of HMSEs compared
to SMSEs and ME composites is further highlighted in Fig. S5 where we
illustrate strain versus applied magnetic field for magnetic elastomer,
iron embedded elastomer and magnetostrictive samples. We note a

linear relationship between strain and external magnetic field for mag-
netic elastomer which is consistent with our theoretical predictions (see
SI). However, magnetic field induced strain in ME composites and SMSE
vary quadratically with the external magnetic field. As a result, output
charge in SMSEs and ME composites depends quadratically on the
external field. This behavior is also obvious from Fig. S3 where fre-
quency of output charge in HMSE is the same as the frequency of
external field while in SMSEs, the frequency of output charge is twice as
large as the applied field. The linear relationship between external
magnetic field and output charges for HMSE is shown in Fig. S6. As a
result, the ME voltage coupling coefficient, which is the derivative of
output charge with respect to magnetic field, is independent of external
field in HMSEs.

According to our theoretical predictions (see SI), aerfE can be
improved by either increasing surface charge density or increasing re-
sidual magnetic flux density in the materials. Experimental results for
these two strategies, respectively, are shown in Fig. 2b and Fig. S7. As we
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can observe from Fig. 2b, ag

monotonically increases as the interface
charge density of two layers increases. The linear dependence of agi on
the interface charge density is in agreement with theoretical prediction
(Eq S8). The maximum surface charge density we are able to achieve
experimentally is ~ 2 mC/m? and the maximum ME voltage coupling
coefficient we have achieved with this design of HMSE is 332.7 mV
cm'0e ™!, This value was measured at a very small frequency of 1 Hz.
This result proves that ultra-soft HMSE materials can exhibit very strong
ME effect in weak magnetic fields and under very small frequencies
without the need for a DC bias magnetic field (see Fig. S8 for more info
on mechanical properties of programmed HMSE). To the best of our
knowledge, this is the first known soft material with such a compelling
magnetoelectric effect without a DC bias magnetic field. In and Fig. S1
(SI), we may note that the ME effect of our fabricated material at such
small frequency is comparable to the highest self biased ME voltage
coupling coefficient achieved with polymer based ME composites.

2. Flexure deformation mode and “giant” magnetoelectricity

In the design of HMSE presented in the preceding section, the ME
effect is mediated by tension and compression deformation of the ma-
terial. Since non-uniform deformation is necessary to generate a piezo-
electric like effect in electret materials, having a hard layer in the
structure of HMSE (which hardly deforms with respect to the magne-
toactive layer) is essential to achieve ME effect in the previous design for
compression/tension. This stiffens the overall material somewhat
(although the material is still relatively soft compared to other con-
tenders like composites). However, the manifestation of electrome-
chanical coupling in electret materials is not just restricted to
compression/tension [21,32]. In a flexure mode, electrets can exhibit a
large electromechanical effect regardless of whether they are elastically
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uniform (or not). The flexure deformation mode is also important
because resonance frequency in bending deformation is much smaller
than compression. Finally, we can theoretically show that in HMSEs

designed in the tension and compression mode, we have a%ocB’qo and

for HMSEs designed for the flexure mode, we have aiﬂ’; xARBq (see SI),
where AR is the structural aspect ratio (typically greater than 10).
Therefore, bending induced ME effect is at least one order of magnitude
larger than tension/compression induced effect.

While it is difficult to achieve magnetic field induced bending
deformation in SMSE materials, hard magnetic materials can be pro-
grammed to undergo any form of deformation in response to applied
magnetic field. This provides an extensive design space for designing
HMSEs with desirable deformation and enhanced ME property. To
demonstrate this, we create a programmed HMSE (-abbreviated as
programmed HMSE) which is designed to exhibit bending deformation
in response to an applied magnetic field.

Fig. 3a represents the steps for creating programmed HMSE (with
further details in Methods). The shape programmability in programmed
HMSE: is achieved by deforming the material in the magnetization step
(3a step II). Initially, the material is not magnetized which means the
magnetic dipoles inside hard magnetic microparticles are randomly
oriented (Fig. 3a step (I)). At this stage, we bend and fix the double-layer
magnetoelastomer and apply a magnetic filed as high as 1.2 T to the
material which leads to magnetization of hard magnetic materials along
the direction of the external magnetic field which means magnetic di-
poles inside magnetic particles reorient along the direction of the
external field (Fig. 3a step (II)). Due to the high coercivity and high
residual magnetic flux density of NdFeB micro particles, these materials
stay magnetized and the magnetization profile remains stable even after
the magnetic field has been turned off. Once the magnetization magnetic
field is removed and the deformation is reversed, the magnetic micro

(b)
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Initially magnetic dipoles inside the material are randomly oriented and residual

magnetic flux density of the material is zero. (II) The material is deformed and a large magnetic field is applied to magnetize the material. (III) The material is
undeformed and a layer of charges is deposited between two layers. (IV) A uniform magnetic field leads to ME effect. (b) The fabricated programmed HMSE specimen
is highly deformable. (c) Stress-strain graph of three samples of magnetic elastomer. (d) Comparison of experimental and numerical simulation results for defor-
mation under different static magnetic fields. A good agreement is observed between experimental results and simulations.
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particles which are anchored to matrix material rotate as the material
element rotates (Fig. 3a step (III)). As shown in Fig. 3a step (III), a layer
of electric charges are inserted in the middle of the material using a very
thin charged PTFE material and then all layers of the material are stuck
together. We remark that since the thickness of PTFE is negligible
compare to thickness of the overall material, overall the material is
essentially elastically uniform. For further information on reorientation
process of hard magnetic particles inside the material, we refer the
reader to references [24,33,34]. The highest residual flux density ach-
ieved is B = 0.0767 T. The profile of the residual flux density has been
theoretically calculated in Eq. (4). It should be mentioned that the re-
sidual magnetic flux density is expected to increase with increasing
concentration of hard magnetic particles but this could potentially
impact the charge stability and it increase the stiffness of the material.
Moreover, we also expect shape and orientation of magnetic particles to
impact the magnetoelastic behavior of hard magnetic soft electrets.
Although there is no study on the homogenization of hard magnetic soft
electrets, Danas [35] presented a homogenization theory for effective
properties of magnetoelastic composites. Also, Liu and Sharma [20]
presented homogenization theory for soft electret materials. These
works can be used to further optimize the ME response of hard magnetic
soft electrets but such discussions are beyond the scope of this work. The
fabricated programmed HMSE material has dimensions 22 x 12 x 1.85
mm, C% = 6.40 pF and qo = 0.0488 mC/m? unless otherwise stated. The
softness of the fabricated material may be readily (and visually)
appreciated from Fig. 3b. In addition, Fig. 3c shows the stress-strain
response of the magnetic elastomer indicating that the material can be
stretched more than 10 times its size (- its elastic modulus is roughly 55
KPa). Also, the mechanical testing results of the programmed HMSE
material is shown in Fig. SO where it is seen that insertion of PTFE layer
(which has been added for charge stability reason) does not hugely
impact deformability of the material and still the material has the
maximum elongation of more than 600%.

We show the deformation behavior of programmed HMSE under a
uniform static magnetic field in Fig. 3d. As a uniform vertical field is
applied to material, the magnetic particles tend to align themselves
along the applied external field. The alignment of the particle occurs by
deformation of the material as these hard-magnetic particles are
anchored to the material points. Therefore, the whole material bends in
response to applied magnetic field. The curvature of the material in-
creases as the magnetic field increases (Fig. 3d). As the structure bends,
material points above the neutral axis are under compression and the
remainder are under tension. This non-uniform deformation in the
electret material leads to an apparent piezoelectric effect. Therefore, a
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magnetic field generates an electric signal resulting to magnetoelectric
effect. The deformation is asymmetric with respect to the magnetic field
since the residual field is not symmetric with respect to neutral axis of
the beam. In addition to experimental results, we have also used nu-
merical computation of our nonlinear fully coupled electro-magneto-
mechanical theory to study the behavior of programmed HMSEs (see
Methods and SI for details on the computational approach). As evident
from Fig. 3d, our numerical results are in good agreement with experi-
mental results.

We measure frequency response of the programmed HMSE by
applying an alternating external magnetic field to the programmed
HMSE. Fig. 4a shows the ME voltage coupling coefficient and the output
charge of the programmed HMSE in response to an external magnetic
fields with amplitude of 12 Oe and the frequency of 1-10Hz. As fully
anticipated by our theory, no ME effect is in evidence if the sample is not
charged. The resonance frequency of programmed HMSE is near 6 Hz
where the output charge reaches its peak value. At the peak point, we
obtain a giant ME voltage coupling of aSff ~11.2 V cm '0e !, We
emphasize that we obtain this extraordinarily large ME effect at low
frequency and without any external static bias field. In addition, the
leakage current of the programmed HMSE has been measured and re-
sults are given in Fig. S9a. Also, Fig. S9b shows HMSE have very small
leakage current compare to other multiferoic materials and devices. The
effect of the magnitude of the applied alternating magnetic field on the
ME coupling of the material is shown in Fig. 4b which illustrates that the
output charge increases linearly with increase of amplitude of external
field and ME voltage coupling coefficient of the material remains almost
unchanged. This implies that our fabricated programmed HMSEs can
exhibit giant ME coupling at extremely weak magnetic fields.

Similar to HMSEs, the afff, of programmed HMSEs can be further
increased by increasing charge density. Fig. 5a reveals there is a linear
relationship between interface surface charge density and the voltage
coupling coefficient of the material. As charge density increases, AQ and
o5 increase. We have been able to achieve a value of aff. = 15.36 Vem
~10e~! when the static charge density is equal to 0.078 mC/m?. To the
best of our knowledge, this is the first soft material created with giant
ME voltage coupling. This is one of the largest self biased ME voltage
coupling coefficients even when compared with polymer based ME
composites (see and Fig. S1).

The programmed HMSEs are not mechanistically different from
HMSE:s in this sense that their ME effect is strain mediated. The trends
seen in the output charge behavior of programmed HMSE follows exact
the trends as seen for deflection (see Figs. S10 and 4a). Any two external
stimuli which result in the same deformation will lead to same electric
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Fig. 4. (a) ME voltage coupling coefficient and output charge for charged programmed HMSE and non-charged sample under different frequencies. The results have
been obtained by applying alternating magnetic field of amplitude h° = 12 Oe. (b) The ME voltage coupling coefficient and output charge of programmed HMSE

under magnetic fields with different amplitudes but the same frequency of 6 Hz.
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Fig. 5. (a) Effect of interfacial surface charge density on the ME voltage coupling coefficient and output charge of programmed HMSE under alternating magnetic
field with the frequency of 6 Hz and amplitude of 12 Oe. (b) The deflection (curvature) versus output charge.

signal. To better show this insight, the deflection versus output charges
obtained from experimental observation is shown in Fig. 5b. The
experimental results have been obtained by applying magnetic fields
with different frequencies but the same amplitude. In addition, we also
plot the deflection versus output charge obtained from our numerical
simulations conducted for the static condition in which different de-
flections obtained by applying magnetic field with different magnitudes.
We remark that we have previously shown that, for an electret under
pure symmetric bending, the output charges can be determined as AQ =
A%quK, where A, H and « are, respectively, surface area of the elec-
trode, thickness of the material and curvature of the material. We can
use this relation for cantilever beam to obtain a rough analytical relation

between curvature and output charge. Curvature of a cantilever under
2
deflection and L is the length. Therefore, the output charge may be
roughly approximated as AQ = AqoH32;. This relation has been used in
Fig. 5b to make a closed-form analytical prediction. Interestingly,
despite the obvious approximations, we obtain a very good agreement
between experimental, analytical and numerical results in Fig. 5b. From
this, we arrive at two conclusions: First, the ME effect in programmed
HMSEs is strain mediated. Second, the relation AQ :A%qux can be
used to obtain a reasonably good approximation for charge curvature
relationship and electret materials can be used as a soft curvature sensor
(for instance, in the context of biomedical applications).

pure bending can be roughly approximated as x = £, where § is the tip

3. Discussion

The magnetic field can induce large deformation in hard-magnetic
soft-materials. Taking recourse to a simplified one dimensional model,
such a strain generated in a hard-magnetic elastomer in response to the
applied magnetic field scales as

_BK

~—— 1
YR @

where B’ is the residual magnetic flux density of the material and G
denotes the shear modulus of the material (See SI for further details).
While the strain depends quadratically on the external magnetic field

(e x(h®)?) in both magnetostrictive materials and soft magnetic elasto-
mers, the magnetic field induced strain in hard-magnetic soft elastomers
varies linearly with the external magnetic field h® according to Eq. (1).
The linear magnetic field strain relation signifies that HMSEs, unlike
SMSEs and magnetoelectric composites, are able to sense the direction of
the magnetic field. Moreover, for a bi-layer HMSE similar to the one
shown in the inset of Fig. 2a where one layer is magnetoactive and the

other layer hardly deforms in response to external magnetic field, we can
determine the effective magnetoelectric voltage coupling coefficient as

e _ L qoHHyepe B;
a = ——= x

0 . (2)
et (H,Sb + Hh&',)z 3Gr

where subscript “t” and “b” refer to the materials used for top and
bottom layers, respectively. Also, H and ¢, respectively, denote thickness
and electric permittivity of the material and qo is the surface charge
density used at the interface of the two materials. Eq. (2) shows that the
effective magnetoelectric voltage coupling coefficient of the HMSE is
independent of the external magnetic field. This is consistent with the
results presented in Fig. 2a. Therefore, the HMSE are suitable for sensing
and energy harvesting applications under weak magnetic fields as their
magnetoelectric coupling coefficient does not vanish as the magnetic
field approaches to zero. Moreover, the relation (2) shows that any two
arbitrary dielectric materials can be used to fabricate a HMSE as long as
the following three conditions are met: (1) One of the materials must
mechanically be soft in which hard magnetic micro/nanoparticles are
embedded. (2) The second material must be elastically stiffer that it
hardly deforms in response to the external magnetic field. (3) A layer of
electric charges must be present (electret). The aforementioned con-
siderations present a novel paradigm to engineer magnetoelectric effect
in soft materials using any two arbitrary soft dielectric materials through
a straightforward and low cost fabrication scheme.

Furthermore, we have also shown that we may even relax the
constraint for elastic mismatch by using the programmable property of
the hard magnetic soft materials and designing the material in a manner
that a uniform magnetic field induces a nonuniform deformation (e.g.
flexure). We have used this programmable feature and presented a
programmed HMSE which bends in response to uniform magnetic field.
As a small magnetic field can lead to a large bending deformation, the
programmed HMSE fabricated by us exhibited a giant magnetoelectric
effect.

In summary, we have presented HMSE materials as a new member of
the family of the magnetoelectric materials. We have reported HMSE
materials as the first known soft and stretchable materials which exhibit
a giant self-biased magnetoelectric effect. Although there is ample op-
portunity for optimization and improvement of the magnetoelectric ef-
fect in these materials, we have shown that the magnitude of the
magnetoelectric voltage coupling coefficient of the programmed HMSEs
is comparable to highest values reported for magnetoelectric voltage
coupling coefficients of polymer based magnetoelectric composites
under low frequencies (see Table S1 and Fig. S1). While the choice for
the piezoelectric phase in nearly all polymer based magnetoelectric
composites is restricted to PVDF (and its co-polymers), any soft
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dielectric material can be used to fabricate HMSE and programmed
HMSE in a low cost and low temperature fabrication scheme. Future
research direction could involve exploiting interplay with temperature
c. f. [36,37], instabilities and energy harvesting c. f. [38], and exploiting
liquid inclusions and capillary effects [39,40].

4. Methods
4.1. Fabrication of disk shape HMSEs and SMSEs

The magnetic elastomer is prepared by mixing NdFeB microparticles
with silicone elastomer (Ecoflex00-10) at prescribed weight fraction
(NdFeB particles: Ecoflex00-10 = 1:1). The mixture is poured into a
mold to obtain desired geometry and the cured at 80 °C for 10 min. The
final disk shape magnetic elastomer has the diameter of 40 mm and
thickness of 1 mm (Fig. S2). A nonzero residual flux density is achieved
in the material by applying a magnetization field with magnitude of 1 T.
The magnitude of residual flux density of magnetic elastomer layer is B”
= 0.058T and its direction is align with the thickness direction of the
material. The magnetic elastomer layer is attached to a disk shape PTFE
layer with the thickness of 30 pm and the same thickness as magnetic
elastomer layer. Before bonding two layers together, a layer of electric
charges is deposited onto one surface of the PTFE thin film by the corona
charging technique (Fig. S11). During the corona charging, a voltage
difference of 5.7 kv is applied between the conductive needle and the
grid (see (Fig. S11) which leads to ionization of air and movement of
charges toward PTFE layer. The surface charge density of PTFE layer qg
is measured by measuring the electric potential on the surface of the
PTFE layer V; using an electrostatic voltmeter (TRek MODEL P0865).
The V; and qq are related through

gcﬂ' V\'
9o = H

3

where ¢ is the effective electric permittivity of the material. Unless
otherwise stated, the surface charge density achieved for all samples was
go = —1.95 mC/m?. More details on mechanism of corona charging is
found in the SI.

4.2. Fabrication of programmed HMSE

The steps for fabrication of programmed HMSE is illustrated in Fig. 3.
In the first step, we mix the NdFeB particles with silica gel (Ecoflex
0020) in equal proportion to obtain the turbid solution. Thin magne-
toactive elastomers is prepared by centrifugal suspension coating. Then,
by cutting, and stick the two layers of magnetic elastomers together, we
obtain double layer magnetoactive elastomers with size of the 22x 12 x
1.85 mm. At this stage, the magnetic particles inside the material are
randomly oriented and overall residual magnetic field of the material is
zero. In order to program the material in a way that it bends in response
to external magnetic field, we bend the material and place it in a mag-
netic field with magnetic flux density of 1.2 T. The radius of curvature is
11.14 mm. After removal of the magnetic field, the bending deformation
is reversed. Using the model presented by Rivlin [41] for the flexure of
rectangular incompressible block, the profile for residual magnetic flux
density in the material is determined as [21].

B = F;l { — B'cos <@> e, + B'sin <@> €y } s 4)

where Fy, is the deformation gradient for the bending deformation of the
rectangular block. Also, L represents length of the block (beam) and 0 <
Y < L. In addition, B" is the magnitude of the residual magnetic flux
density a is the bending angle applied in the magnetization step. Unless
otherwise stated, B" = 0.0767 and a = 52°. Next, we debond two layers
of the material from each other and a charged PTFE layer between two
layers of magnetoactive elastomer and bond three layers together.
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Insertion of PTFE layer is just for stability of electric charges and we
have divided PTFE layer into smaller pieces so that it does not constrain
softness and stretchability of the material. The charge density of the
interface is go = —0.048 mC/m? unless otherwise stated. Finally, we coat
the sample surface with liquid metal as electrode.

4.3. Measurement of material properties

Electroforce 3230 - TA testing machine is used to perform uniaxial
testing and determine Young’s modulus of the material. The effective
capacitance of the material C°% is determined using an impedance
analyzer (Keysight E4990A, America). The relation C°f = ¢°A/H is used
to determine the effective dielectric properties €° of the material, where
H is the thickness of the material and A is the surface area. Also, the
reidual magnetic flux density B" is related to magnetization M" with the
relation B" = ioM". The magnetic hysteresis loop (h® — M") was plotted by
Vibrating Sample Magnetometer MPMS-squid VSM-094. Fig. S12 shows
the magnetic hysteresis loops for both hard magnetic and soft magnetic
particles.

4.4. Measurement of the magnetic field induced deformation and the
output charges

A customized solenoid is used to generate the alternating magnetic
field. Unless otherwise stated, magnetic field with amplitude of 627 Oe
and frequency of 1 Hz is used for disk shaped HMSEs and magnetic field
with amplitude of 12 Oe and frequency of 6 Hz is used to study pro-
grammed HMSEs. The magnetic field induced deformation is measured
using a Laser Scanning Vibrometer (Polytec OFV-5000, Germany). The
output charge of the material is measured using a charge amplifier
(Bruel & Kjaer 2692, Denmark). The measurement equipment and dia-
gram are shown in Figs. S13 and S14, respectively.

4.5. Theoretical modeling of the HMSEs

We use energy formulation to derive governing equations for
magneto-electro-elastic behavior of a HMSEs. The distinction between
reference configuration Qg and current configuration Q is essential for
capturing electro-mechanical coupling in the electret materials theo-
retically. Therefore, conventional linear elasticity models are unable to
capture ME effect in the HMSEs and we have to use a nonlinear coupled
formulation. Based on the principle of minimum free energy, the equi-
librium state of the system is the state that minimizes free energy of the
system. Using the deformation y and the polarization p as two inde-
pendent thermodynamic variables, We express free energy of the system
as

pl* e 2 e e
Fl.pl = We‘”‘+/—+ —lel"— [ FB h', )
be.p) [oN o2(e — &) 92‘ | [o7%

where ¢, e and h€ are, respectively, electric permittivity of the material,
electric permittivity of the vacuum and external magnetic field. Also,
Wt denotes elastic energy density of the material and F is the defor-
mation gradient tensor. Our theory is based on the premise that the
equilibrium state of the system must satisfy the Maxwell equation. The
Maxwell equation for a material with charge density p, in the current
configuration is expressed as

div(epe+p)=p, in Q. (6)

We use standard calculus of variation to derive Euler-Lagrange
equations and boundary conditions for the equilibrium state of the
system. More details on the theoretical modeling of the HMSEs can be
found in the SI Section.
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4.6. Computational modeling of programmed HMSEs

Based on the nonlinear coupled formulation discussed earlier, we
develop a finite element model in order to study ME effect in pro-
grammed HMSEs. We use open source finite element software FEniCS
[42] to implement finite element formulation. We derive weak form of
the governing equations of the system and encode weak formulation in
Python using mathematical operators available in FEniCS. The FEniCS
meshing component mshr which allows capability of defining sub-
domains is used to create mesh for this problem. We assume the material
is incompressible and use neo-Hookean constitutive equation for elastic
behavior of the material. The numerical values for material properties is
consistent with the values obtained using our experimental measure-
ment. More details on the finite element implementation, meshing and
validation of the numerical solution are available in the SI Section.
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