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Magnetoelectric materials that convert magnetic fields into electricity and vice versa are rare and usually
complex, hard crystalline alloys. Recent work has shown that soft, highly deformable magnetoelectric
materials may be created by using a strain-mediated mechanism. The electromagnetic and elastic
deformation of such materials is intricately coupled, giving rise to a rather rich instability and bifurcation
behavior that may limit or otherwise put bounds on the emergent magnetoelectric behavior. In this work,
we investigate the magneto-electro-mechanical instability of a soft dielectric film subject to mechanical
forces and external electric and magnetic fields. We explore the interplay between mechanical strain,
electric voltage and magnetic fields and their impact on the maximum voltage and the stretch the
dielectric material can reach. Specifically, we present physical insights to support the prospects to achieve
wireless energy harvesting through remotely applied magnetic fields.
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1 Introduction

Soft materials that are capable of undergoing large mechanical
deformation in response to external stimuli (such as tempera-
ture, pH or electric field) have recently received extensive atten-
tion. As example, soft dielectrics respond to electric fields and
have been investigated for applications in human-like robots,"”
stretchable electronics,® actuators®® and energy harvesting.” "'
Magnetoelectric coupling refers to the ability of the materials to
electrically polarize under the application of a magnetic field,
and conversely, magnetize under the application of an electric
field. Unfortunately, there are no known natural soft magneto-
electric materials. Magnetoelectricity was discovered in a class of
hard, crystalline multiferroics.'>* The intrinsic coupling is low
at room temperature and these materials can hardly sustain
large deformations.i

Soft materials that are magnetoelectric are expected to
have several interesting applications such as wireless energy
transfer,"”” spintronics and nonvolatile memories,'® multiple
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# An alternative approach to artificially design hard composite magnetoelectric
materials is by combining piezoelectric and magnetostrictive materials. Most
such resulting materials are also hard, the ensuing coupling is not strong and
suffers from challenges related to cost-effectiveness and the associated complex
fabrication processes.'*'®
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state energy bits that can be written electrically and retrieved
magnetically, among others."* Perhaps the most enticing one is
that of wireless energy harvesting. Magnetic fields may be
remotely imposed and therefore a suitable magnetoelectric
soft material may provide a facile route to convert magnetic
power into electric energy. Coupled with the large-deformation
capability of soft materials, these materials present a compelling
case as actuators, sensors and energy conversion devices. In
recent works, a rather simple approach to create artificial soft
magnetoelectric materials was proposed by Liu, Sharma and
co-workers’®?' that does not require the materials them-
selves to be magnetoelectric, or piezoelectric or exhibit any
exotic atomistic features that conventional hard crystalline
multiferroics do. Rather, any soft material may be made to
act like a magnetoelectric material (Fig. 1) provided certain
conditions are met.

For instance, a soft dielectric film coated with two compliant
electrodes under an applied voltage will deform because of the
electric Maxwell stress—and this deformation is proportional
to the square of the applied electric field. What will happen to
the dielectric response if an external magnetic field is applied
in addition to the applied voltage? If the dielectric material
also has a magnetic permeability larger than unity, then it will
deform further due to the magnetic Maxwell stress. The super-
imposed additional deformation will, in turn, alter the pre-
existing electric field and thus, change the polarization (see
Fig. 1). The detectable change in the electric field resulting
from the application of the magnetic field manifests itself as a
magnetoelectric effect.'®*® Since the aforementioned mecha-
nism relies mainly on electric and magnetic Maxwell stress the
resulting magnetoelectric effect is universal. Here, we note
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Fig. 1 Schematic figure illustrating the mechanism that can be used to
engineer the magnetoelectric effect in soft materials. A thin film made of an
elastically soft material is coated with two compliant electrodes. When
subjected to a pre-existing electric potential, the dielectric will be deformed
and be polarized by the electric field. Now, if an external magnetic field is
switched on, the magnetic Maxwell stress will also deform the thin film if its
magnetic permeability g, > 1. That, in turn, alters the existing polarization
and deformation. The change in the polarization in the film can be
measured as a current due to the imposed magnetic field and thus
manifests as an emergent strain-mediated magnetoelectric effect.

three essential conditions for the effect to take place.'®™" First,
the material must be mechanically soft so that the electrical
Maxwell stress effect is significant. Second, the dielectric material
must have a magnetic permeability larger than that of vacuum.
That is, the magnetic permeability of the soft material must be
greater than one, z1, > 1. The latter can be ensured by incorporating
a very minute amount of soft magnetic particles or fluid.> Finally, a
pre-existing electric field must be present.

A large deformation in soft matter and instabilities go
hand-in-hand. For example, soft dielectrics are vulnerable
to a wide range of electro-mechanical instabilities including
thinning and pull-in instabilities,” > electro-creasing to
cratering,”® electro-cavitation,>” wrinkling to name just a
few.>®?° Historically, instabilities have been considered harmful
(and they indeed can be) but more recently, especially in the
context of soft dielectrics, they have also been exploited to
enhance material behavior and design novel devices.** While
the literature on the discussion of instability in dielectrics (and
its avoidance or enhancement) is extensive, very few works have
focussed on analogous issues in the context of soft magnetically
responsive materials.>*?*® In this work, (i) we analyze the
magneto-electro-mechanical stability of a soft dielectric
film subjected to a combination of mechanical, electrical
and magnetic stimuli, (ii) present insights into the resulting
phenomenon of strain-mediated magnetoelectricity, and (iii) explore
the prospects for wireless energy harvesting due to remotely
applied magnetic fields.

The outline of this work is as follows: in Section 2, we
present the theoretical formulation, first in general terms and
then specialized for the thin-film configuration of interest
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which we use to illustrate our key results. In Section 3 we
specialize our derivations to homogeneous deformation and for
an ideal dielectric elastomer. We present the central results
related to stability and the magnetoelectric effect in Section 4
and discuss wireless energy harvesting in Section 5. Finally, we
conclude our work in Section 6.

2 Formulation

In this section, we derive the governing equations needed to
investigate the magneto-electromechanical stability of soft
dielectric materials subjected to a combination of mechanical
forces and external electric and magnetic fields. We assume
the simplest possible configuration: a film of soft material
sandwiched between two electrodes (see Fig. 2). This will
facilitate exploration of the key mechanisms and insights
underpinning magnetoelectricity in soft materials while avoiding
excessive mathematical tedium. The material forming the layer
is assumed to be elastically nonlinear but electrostatically and
magnetostatically linear.

2.1 Geometry and deformation

If we consider a film of soft dielectric and choose a positively-
oriented, orthonormal basis {ex, ey, €.} with associated Cartesian
coordinates X, Y, and Z, the domain occupied by the dielectric
film (see Fig. 2), in the reference configuration, is given by

B={XeR:0<X<IL,0<Y<IL,0<Z<L} (1)

where L;, i = 1, 2, 3, are geometrical dimensions.

The deformation is denoted by a smooth mapping: y:
# — R® and the deformed film dimensions become (Iy, I, I5).
In contrast to the material point X € 4, the spatial point is then
represented by x = x(X), which is denoted by the Cartesian triplet
(x, , 2) in the current configuration.

We consider the following class of deformations

y=Y1+b(X), z=2(1+c(X), (2)

where a(X), b(X) and ¢(X) are functions of only the variable X.

x =X+ a(X),

Py
pra

Fig. 2 A film of soft dielectric material subject to two pairs of in-plane
mechanical loads P, and Pz, an applied electrical voltage difference V
between the upper and bottom surfaces coated with compliant electro-
des, and an external magnetic field h€ in the thickness direction.
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The deformation gradient is

Al 0 0

_ O _

F=f= | W) & 0, 3)

ZI(X) 0 Iy

where the prime denotes the derivative with respect to X and
the stretches§ are

Ox ,
b= =14d(X), (4a)
_ 9y _
iy =55 =1+ b(X), (4b)
and
= e (40)
3Tz T4

The (volumetric) Jacobian then becomes
J =detF = 1i/543, (5)

where /; is given in (4). For incompressible materials, the
Jacobian in (5) is unity

J=1 (6)

and then the stretches have the relation

1
A=
YT Dol

)

2.2 Maxwell’s equations and boundary conditions

2.2.1 Maxwell’s equations. In the current configuration,
the Maxwell equations are®***

div(—¢ograd ¢ + p) = 0, div(—grad{ +m)=0, (8)

where ¢, is the vacuum permittivity, “div’ and “grad” are the
divergence and gradient operators, ¢ is the electric potential
field and { is the magnetic potential field. p and m, respectively,
denote the polarization and the magnetization.

The relations between the polarization and the magnetiza-
tion in the current and reference configurations are'®>°*

P M
P= 77 m = 77 (9)

where P and M, respectively, denote the polarization and the
magnetization in the reference configuration. Other definitions
of these relations between the true and the nominal polariza-
tion (or magnetization), see for example the definition by
Dorfmann and Ogden,*® can also be used if the expressions
of the corresponding Maxwell equations are properly articu-
lated. The current choice of the defined nominal magnetization
in (9) is consistent with our formulation.

2.2.2 Electric and magnetic boundary conditions. The elec-
tric boundary conditions on the upper (x = /;) and bottom (x = 0)
surfaces in the current configuration are

§ The stretches here are not the principal stretches of the deformation.
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Cylac:l1 =V, €|x:0 =0, (10)

where x is the coordinate in the current configuration and /; is
the thickness of the deformed film.

The far-field magnetic boundary condition is****

—grad({ — h® as |x| » oo, (11)

where x is the spatial point and h® = A%, is the external far-field
magnetic field in the current configuration with basis {e,, e,, e,}.

From Ampeére’s law for time-independent problems and in
the absence of external currents, we have the following inter-
face discontinuity/boundary condition for the magnetic field on
the upper (x = ;) and bottom (x = 0) surfaces

nx[—grad{]=0 onx=0&I, (12)

where n is a unit normal to the surface and [ f] =f; — f_, is the
difference of the field quantity f evaluated at either side of the
discontinuity surface.

In addition, given the absence of “magnetic monopoles” at
the interfaces, we have the following interface discontinuity/
boundary condition for the magnetic flux:

n-[—ugrad({] =0 onx=0&I, (13)
where p is the magnetic permeability.

2.3 Free energy of the system

The total free energy of a general conservative magneto-electro-
mechanical system in a three-dimensional space can be
expressed as™*

(1, M] = U[1,PM] + [, P] + EM [ M] + 27N ].
(14)

Here, % is the internal energy

U = J W (y, P,M), (15)
2

where Z is the domain of the system in the reference configu-
ration and W(y,P,M) is the internal energy function. The
smooth function y: # — %* that is assigned to each material
point X € # a spatial point x € %*.

In addition, &% in (14) is the electric energy

s =] feradef | dmenadep)n (10
B+ OB "

where #* is the domain of the deformed body and 0%4* is the
electric boundary in the current configuration, and n is the unit
normal to the surface 0%4*.6™*¢ in (14) is the magnetic energyq

&M = @J |grad(|? = @J \grad{self\z - HOJ h®-m, (17)
2 R3 2 R3 B*
where g, is the magnetic permeability of free space, h® is the
far-field applied magnetic field and m is the magnetization
in the current configuration. {**f is the so-called magnetic

self-field which is defined for convenience by decomposing

€ The detailed derivation of the form of the magnetic energy and the expression
of (17) can be found in eqn (5.1)~(5.5) of the work by Liu.**
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the total magnetic field h as: h = h® + h*" and h**' = —grad ¢*!f
and h = —grad {. Finally, #™°" in (14) is defined by

pmech — —JM t-y (18)
By

that is the potential energy related to the dead load t applied on
the traction boundary 04,.

In this work, we will consider the case of a dielectric
elastomer subject to two in-plane biaxial forces P, and P, an
applied voltage (10) and an external far-field magnetic field (11)
in the thickness direction (see Fig. 2). Considering the assump-
tion of the deformation (see eqn (2)—(7)) and the 1-dimensional
nature of the problem, the total free energy of the system shown
in Fig. 2, in contrast to the general form (14) in the three-
dimensional space, is given by'*°

F ! JLI W (Ja, ia, P, M)dX + ! Jllgo/l J3(E.4)%d
= — A —| A X
LiloLs Ly 0 243 5 Ly 0 2 2438

1
+ o [ehha(at )]l
, (19)
+ij'@; I3 2dx

Ll 0 2 23S

Pyly P33

Li\L; LL)

11])) °.md
_L—1J0 »zvgluoh -mdx —

where the subscript ‘,x’ denotes the derivative with respect to x
in the current configuration.

The free energy expression (19) contains a mixture of both
material and spatial representations. In the following subsec-
tion, we will reformulate the free energy expression entirely in
the reference configuration.

2.3.1 Material representation of the free energy. Recalling
the expression for the stretch 4, in (4), the relationship between
the differentials in the current and reference configurations
can be written as

self
gself _ C-,X

X Ex
_ =2

x=¢ -
. X@x /L]7

dx = A,dX. (20)

In contrast to the spatial forms (8), the 1D Maxwell equa-
tions in the reference configuration are
(—0dadséx * P)x =0, (—Axdsl{x+M)x=0. (21)
Thus the free energy (19) can be written in the reference
configuration as

F 1 b 1 (Fe,
— = WdX+—| Z(A23) (€ x)2dX
L[> L; Ll.‘o L)y 2( 243 (4)

1L~ 2 .
+ EJ [780().2/@)2(@'/\/)2 -+ }.Q/L:;g‘XP:I dx
0

(22)

+ ir@(zm)z(zse”)zdx
L] 0 2 : > X

EMdX —
L Ho

0 LiL; LiL

IJLI Pyly  P3l3
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by using eqn (20), (7), and the 1D Maxwell eqn (21) as well as
integration by parts.

2.3.2 A vector form of the free energy. There are four
generalized coordinates (independent variables) including 4,, 43,
P and M in the expression of the free energy (22). Other variables
like the electric potential £, the magnetic potential { and the
self-magnetic potential {*°!f are related to the four generalized
coordinates through relation (20) and Maxwell eqn (21).

By introducing a vector

v = (o, 43, P, M)", (23)

A more compact form of the free energy (22) can be written as:

F(v) 1,
=— — $2dp — §343,
L1L2L3 L1J0 w (V)dX Sa2A2 S3A3, (24)

where the total energy density W'(v) is

Wiv) = W(v) - 8*0(12/13)2(5.)()2 + 2223 x P

2
(25)
+ B0 () — ol M,
and the nominal stresses are
P, Ps
Sy = = —. 26
w=rTe ST (26)

It should be noted that ¢ y and (% in the energy function
(25) are implicitly related to the vector v in (23).

2.4 Principle of minimum free energy

The equilibrium state v in (24) is dictated by the principle of
minimum free energy. The free energy should be minimized
among all the neighboring states v + dv, |dv| « 1:

F(v) < F(v + dv). (27)

The inequality (27) gives the following conditions for the first
and second variations:

SF(v) =0 (28)
and
*Fv) > o. (29)
Using (28) and (29), the first variation condition can be

written as:

Ly
8W’(V)dX — Sz8/12 — 538/13 =0 (30)
0

5F 1J‘
LiL,Ly L

while the second variation condition is an integral inequality,
such that

82F 1 J‘L'

=—| 8w >
Ll I Wi (v)dx > 0. (31)

0

We remark that the first and second variations are integral
quantities since we have allowed for inhomogeneous states.
For homogeneous deformation and perturbation, the Hessian
matrix approach is often directly used to study stability.'">
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Detailed derivations of the first and second variations can be
found in Appendix A.

3 Homogeneous deformation of ideal
dielectric elastomers
3.1 Homogeneous deformation

In order to make the calculation simpler and obtain clear
insights into our stated objective, we now limit our attention
to the homogeneous deformation. That is, the deformation
gradient is constant everywhere in the deformed body. This
assumption has been used quite frequently to study electro-
mechanical instability.”**?®

For homogeneous deformation of incompressible materials,
the deformation gradient (3) reduces to

/i3 0 0
F= 0 2 0|, (32)
0 0 Js

where A, 4,, and /3 are undetermined constants that are
independent of the coordinates.
In addition, the free energy (24) reduces to

F t
L1L2L3 =W (V) — 52}4 — S3)v37 (33)

the first variation condition (30) becomes
5F  ow!
LiLLy O

SOV — SZS)Q — S3623 =0 (34)
and the second variation condition (31) reads

3F 2
L1L2L3_6 Wi(v) = dv-

PwW!
8\’2

dv = &v - Hdév > 0. (35)

This stability condition 3°F > 0 only requires a positive-
2yt

definite (Hessian) matrix H = at equilibrium.

ov?

3.2 Ideal dielectric elastomer

The formulation in the preceding sub-sections is applicable for
any soft dielectric material with the internal energy W(v). To
produce specific results, we will make a choice of constitutive

law and consider an ideal dielectric material*®2°*
c P?
W=-0l 4+ =3 +——
2(er I+ A )+280(§r—1)
poM?
—_ 36
2(ﬂ1 - 1)7 ( )

where c is the small-strain shear modulus, and &, and fi, are the
relative electric permittivity and magnetic permeability of the
film, respectively.

The first term in (36) denotes the mechanical part, while the
second and third terms are the electric and magnetic parts
of the internal energy, respectively. In the absence of electric
and magnetic fields, the internal energy simply represents an
incompressible neo-Hookean elastic material.

5860 | Soft Matter, 2018, 14, 5856-5868
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3.3 Equilibrium solutions
With (A.69) and (34), the Euler-Lagrange equations are
ow' ow' ow' ow'
— =5 =0, ———s53=0, —=0, =0. (37
o 20 e =0 =0 =0 67)

Together with the energy function (36), we have

oAy — /12731372) — &/ vsz(f,x)z + 3¢ xP + Hoizisz(g,s)?lf)z —$=0,

(38a)
c(As — /12_2/13_3) - 80222/13(5,)()2 + A xP + ,Uoflzzi.z(gf;lf ?—s3=0,
(38b)
P + A3y =0 (38¢)
So(ér—l) LA3GC Y = Y,
M 1 SCI SCl
S ol h T Ly — =0, (a8

In this set of four algebraic equations, we have four
unknown independent variables, 1,, 43, P and M. The remain-
ing two variables ¢ y and (% are related to these four indepen-
dent variables through relation (20) and Maxwell eqn (21).
Together with the electric and magnetic boundary conditions,
we can solve this set of algebraic equations. In the following, we
give the details of the solution.

3.3.1 Solution of the polarization and the electric field.
From (38c), we can easily obtain the polarization P in the
reference configuration as

P = —eois — 1)inlalxe (39)

With (7), (9) and (20), the polarization can be written in the
current configuration as

= —go(ér — 1)E 4, (40)

which is consistent with the constitutive relation stated earlier
in this work.

Substituting (40) into the Maxwell eqn (8), we can obtain a
Laplace equation of the electric potential ¢. Together with the
electric boundary condition (10), the solution of the potential in
the current configuration is given by

0<x<1. (41)

Then the electric fields in the current and reference
configurations are

—£x= I (42)
and

.V
—lx=—hé = I (43)

For further discussion, we define the magnitude of the nominal
electric field as:

E=—. (44)

This journal is © The Royal Society of Chemistry 2018
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3.3.2 Solution of the magnetization and the magnetic field.
Similar to the polarization, from (38d), we can get the magne-
tization M in the reference configuration as

M= (i — 1)(_;v2;tsé'?§lf +h°). (45)
Wwith (7), (9) and (20), the magnetization in the current
configuration is
m= (e = DAY = (o~ D (46)

which, as expected, agrees with our constitutive relation.

Substituting (46) into the Maxwell eqn (8), we have a Laplace
equation of the potential {. Together with the magnetic bound-
ary conditions (11)-(13), the solution of the magnetic field in
the current configuration is given by

1
—h*, 0<x</I,

~La=q M (47)
he, otherwise.

Then the magnetization and the self-magnetic field in the
current configuration are given by

E, 0<x<l,
m= ~ (48)
ith, otherwise,
and
it —h, 0<x<I,
L = (49)
0, otherwise,
where
-~ (=1
h= (HTA—)he. (50)
He

Using relation (20), the magnetic field, the magnetization
and the self-magnetic field in the reference configuration are

- 7€self
{y=—2 M=m and - = 51
CX /12/137 meoan g’ )v2/13 ( )

3.3.3 Solution for the stretches. By substituting (39), (43)
and (51) into (38a) and (38b), we have

(o — 20 30572) = Eoirdads®E% + ol B — 55 = 0,
(52)

(s — 7o 20573) = eobihn®IgE? + piody R — 55 = 0.
(53)

For the sake of convenience, we introduce the following
dimensionless variables by appropriate normalization

55=2 E=E2% m=p/"  (549)
C C C

Then (52) and (53) can be recast as

Sy =

|

<\l s
|
e

(Ao — 2020372 — Ipl3"E> + Jy 'H> —5,=0, (55)
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(As — 22 237%) — W2 0E? + A3 'H> —55=0. (56)

For given values of control parameters (the dead loads 5, 3,
the electric field E and the magnetic field H) defined in (54), the
two equilibrium eqn (55) and (56) determine the values of the
two stretches A, and ;.

3.4 Stability analysis

According to the principle of minimum energy (27), a homo-
geneously deformed dielectric will be stable under small per-
turbations in control parameters when the Hessian matrix H in
(A.74) is positive-definite. By substituting the energy function
(36) into the Hessian matrix (A.74), we obtain:

|H]ll HIZ [H]l:; H14

Hy My Hoy

H= : (57)
His  Hag
Sym Has

where the entries, at the equilibrium solutions (39), (43), (45),
and (49)-(56), are

Hyp = o(1 + 32, % 2572) — eohaE? + oy 2h%,  (58a)

My, = 200,303 — o6 + 1)AA3E% + 2p00, 237 R, (58b)
Hy; = /3E, (58¢)

Hyg = 2004, A, (58d)

Hao = o(1 + 32, 2257 %) — e0ha2E® + pols 2h%,  (58e)

Hy; = A,E, (58f)
Hay = 2004524, (58g)
Moy = — (58h)

»= 80(2}; — 1)7
H;, =0, (58i)
Hys = Aﬂoifrl- (58j)

T

In what follows we will limit our discussion to the determi-
nant of the Hessian matrix rather than all its principal minors.
For prescribed dead loads P, and P; and external magnetic field
h®, for example, changing the voltage V takes the system from a
state of stable equilibrium to a critical state specified by the
condition:

det(H) = o. (59)

Beyond that, the determinant of the Hessian matrix becomes
negative and the equilibrium states are no longer stable.
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4 Stability and emergent
magnetoelectricity
4.1 In the absence of external magnetic field

To connect with past work on dielectric elastomers, we first
consider the scenario when magnetic fields are absent. For
H = 0, the equilibrium eqn (55) and (56) reduce to

(A — 20%037%) — Jp25°E> — 3, =0, (60)
(A3 — A2 %0577) — A%I3E* — 53 = 0. (61)

These two equations are equivalent to eqn (6a) and (6b) in
the work of Zhao and Suo® with an appropriate change in
notation. We remark that the state variables used in the work*
are the stretch and the nominal electric displacement D while
in this paper we have chosen to use the stretch and the nominal
polarization P. The connection between various flavors of
electromagnetic theories of deformable media has been dis-
cussed at length by Liu.**

4.2 Effect of the magnetic field on the equilibrium

In this section, we investigate the effect of an external magnetic
field. For simplicity of presentation, we consider the special
case of equal biaxial stresses, such that 5, = 53 = § in the
equilibrium eqn (55) and (56). As a result, 4, = 43 = A and the
two equilibrium equations become:

(A=27% - 2PE+ ). '"H* - S=0, (62)

where the dimensionless electric and magnetic fields E and H
are defined by (54). The dimensionless magnetic field H is
related to the magnetic parameter 7 in (50). It is important to
note that the magnetic permeability should be u, = fi.po > o
for the emergent magnetoelectric effect to manifest. Therefore,
h = (i — 1)A%/i, > 0 and H > 0 are chosen in our numerical
plots of the equilibrium (62) and the stability (57). Note that S, E
and H are control parameters that result in the stretch /. In the
absence of the magnetic field, H = 0, (62) will yield eqn (8), in
the work of Zhao and Suo.*

For the material properties suggested in ref. 25 the shear
modulus of soft dielectric is ¢ = 10° N m™2, the material
permittivity is eoé; = 4 x 107" F m™ ", and the nominal electric
field is of the order £ = 10° V. m™*. Then the dimensionless
electric E in (54) is E = 0.63. For a dimensionless magnetic field
H = 0.5 in (54), we need to input an external magnetic field
h = 0.55 T (tesla), where 7 ~ K for a large relative magnetic
permeability. This external magnetic field can decrease the true
electric field from 1.25 x 10° Vm™ (£ = 0.63 and H = 0) to
1.07 x 10° Vm~ "' (E = 0.63 and H = 0.5), which can avoid the
electric breakdown of soft dielectrics in some circumstances.

In Fig. 3, we show the stretch / and the actuation stretch
21275 of the dielectric film subject to an applied voltage and
various dead loads in the absence of a magnetic field. For
simplicity, only the case of non-negative E in (62) is plotted.
Fig. 3(a) shows that the nominal electric field E increases
nonmonotonically with the increase of the in-plane stretch 4
under an equal-biaxial load S. Alternatively, the electric field
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- 5
/\//\I s
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Fig. 3 Behavior of a neo-Hookean dielectric film subjected to a zero
magnetic field H = 0 under various equal-biaxial loads fromS=0to S =4
in equilibrium: (a) in-plane stretch 1 vs. nominal electric field E, (b) in-plane
actuation stretch /™ vs. nominal electric field E.

and the dead load can increase the in-plane stretch, that is, they
can expand the dielectric film. At a zero electric field E = 0, the
higher the dead load S, the larger the stretch A.

For every value of the dead load S, there exists a peak that
corresponds to the maximum of the nominal electric field in
equilibrium. The maximum E in each curve decreases with the
increase of the dead load S and the peak moves from a low
stretch (the left) to a high stretch (the right). A point in each
curve corresponds to an equilibrium state whose stability can
be verified by the positive-definiteness of the Hessian matrix
(57). The peak of each curve corresponds to det(H) = 0, each
point on the left-hand side corresponds to a positive-definite
Hessian (stable), each point on the right-hand side corresponds
to a non-positive-definite Hessian (unstable).

Fig. 3(b) shows how the nominal electric field E affects the
actuation stretch. The actuation stretch here is defined as the
ratio of the stretch / to the prestretch 2™ that is only induced by
the dead load. Each curve in Fig. 3(b) starts at the unit actuation
stretch and a zero electric field, and then the trend and the
stability of each curve are similar to those in Fig. 3(a). These
results are to be expected and simply presented as benchmark.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Behavior of a neo-Hookean dielectric film at a zero dead load S = 0
under various magnetic fields from H = 0 to H = 1 in equilibrium:
(a) in-plane stretch 2 vs. nominal electric field E, (b) in-plane actuation
stretch 2/ vs. nominal electric field E.

For detailed discussion of these non-magnetic behaviors, the
reader can refer to the work.”*'>

In Fig. 4, we present the stretch 1 and the actuation stretch
/2P of the dielectric film subject to an applied voltage and
various magnetic fields. For simplicity, all these curves are
plotted at a zero dead load S = 0. In Fig. 4(a), with the increase
of the magnetic field from H = 0 to 1, the peak in each curve
increases significantly and moves slightly from a high stretch
(the right) to a low stretch (the left). These changes indicate that
the magnetic field increases the critical electrical field (the
electric field at the peak of each curve). However, the shift of
the peak (from right to left) due to the increase of H in Fig. 4(a) is
opposite to that observed in Fig. 3(a) (from left to right) resulting
from the increase in S. This indicates that the magnetic field
squeezes the dielectric film and then decreases the in-plane
stretch. Indeed, the magnetic field H has an opposite effect on
the in-plane stretch 4 compared to the electric field E and the
dead load S. The magnetic field compresses the film in-plane
while the electric field and the dead load expand it. At a zero
electric field E = 0, for example, increasing the magnetic field H#
changes the stretch A from 1 (at H = 0) to 0.87 (at H = 1).

This journal is © The Royal Society of Chemistry 2018
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The prestretch 2™, in contrast to 2”* in Fig. 3(b), is defined
as the stretch induced solely by the magnetic field. Then the
actuation stretch by the electric field here is defined as the ratio
21275, Unlike the maximum electric field, the actuation stretch
of the peak on each curve is insensitive to the increase of the
magnetic field.

From the previous discussion of Fig. 3, we know that the
magnetic field squeezes the dielectric film in-plane. Since the
film is incompressible, the thickness of the dielectric film
will increase.

Fig. 5 shows the stretch ; = 1/4%> and the actuation stretch
A1/4T in the thickness direction of the film. To make a direct
comparison between the electric and magnetic fields, we
choose a zero dead load here. In Fig. 5(a), at a zero electric
field E = 0, the magnetic field H can increase the thickness from
an initial stretch of 1 (at H = 0) to a stretch of 1.32 (at H = 1).
With the increase of the electric field, there exists an apparent
competition between the electric and magnetic fields. At a low
electric field but a relatively high magnetic field, the stretch is

@
1.2

[5=0]
1 H=1 =N
. p -\

04 0.6 08 1

/\I//\{J”

(b)

Fig. 5 Behavior of a neo-Hookean dielectric film at a zero dead load
S = 0 under various magnetic fields from H = 0 to H = 1 in equilibrium:
(a) in-thickness stretch 24 = 1/42 vs. nominal electric field E, (b) in-thickness
actuation stretch Al//llp” vs. nominal electric field E.
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greater than one (increasing thickness); at a high electric field
but a relatively low magnetic field, the stretch is less than one
(decreasing thickness). It is worth mentioning that each point
in Fig. 5 on the left-hand side of the peak corresponds to a non-
positive-definite Hessian (unstable) while each point on the
right-hand side corresponds to a positive-definite Hessian
(stable), unlike Fig. 3 and 4.

In Fig. 5(b), the actuation stretch in the thickness direction
is plotted. Note that the actuation stretch induced by the
electric field compresses the film in the thickness direction.
Thus the actuation stretch is always less than 1 in Fig. 5(b) but
greater than 1 in Fig. 4(b).

In Fig. 3-5, we examine the effect of a varying nominal electric
field (the vertical axis) while fixing the external magnetic field
and the dead load on the in-plane and in-thickness stretches (the
horizontal axis). The electric and magnetic fields have opposite
effects on the in-plane and in-thickness stretches. To further
investigate the role of magnetic field, we plot the variation of
the in-plane stretch as a result of a varying magnetic field (the
vertical axis) at constant nominal electric field and dead load.
The results are shown in Fig. 6 for a zero dead load for
simplicity. We first note that the plot is symmetric about the
horizontal axis. This is expected mathematically because the
magnetic field appears as a squared term in the equilibrium
eqn (62) which makes it independent of the sign. From a
physical point of view, the Maxwell stress is a quadratic form
of the magnetic field, and thus the equilibrium state is the
same regardless of the magnetic field direction. In addition, for
a prescribed nominal electric field E, the equilibrium eqn (62)
yields two curves. For an E less than the critical value, between
0.6 and 0.7, the two equilibrium curves are separated on the left
and on the right. On the other hand, for an E greater than the
critical E, the two equilibrium curves are separated on the top
and bottom. In each curve, there exists a turning point. For the
up (down) curves, the turning point denotes a minimum
(maximum) of the magnetic field; for the left (right) curves, it

-3 :
0.5 1 1.5 2 2.5 3

Fig. 6 Behavior of a neo-Hookean dielectric film at a zero dead load S = 0
under various hominal electric fields from E = 0 to £ = 1 in equilibrium:
in-plane stretch 4 vs. magnetic field H.
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denotes the maximum (minimum) of the in-plane stretch. Note
that a point in each curve corresponds to an equilibrium state
and the stability can be verified by the positive definite of the
Hessian matrix.

In what follows, we will show that if a point on each curve is
on the left-hand side of the turning point, the Hessian is
positive-definite and the point stands for a stable equilibrium
state. In contrast, if the point is on the right-hand side of
the turning point, it denotes an unstable equilibrium state.
Therefore, the curve on the left-hand is always stable while the
curve on the right-hand side is unstable. For up and down
curves, the parts on the left-hand of the turning points are
stable, and the right part is unstable.

4.3 Effects of the magnetic field on stability

Each curve in Fig. 3-5 reveals a maximum which corresponds to
det(H) = 0. To further illustrate the magneto-electro-mechanical
stability, we consider the sign of the determinant det(H) of an
uniaxial stretched thin film subject to electric and magnetic
fields in equilibrium.

Fig. 7 shows the regions of stability and instability for a film
of soft materials subject to a uniaxial tension s; and a constant
electric field under various external magnetic fields. We plot
three curves and each of them corresponds to the zero deter-
minant det(H) = 0 at a given value of the magnetic field, H = 0,
0.3, 0.5. For a given H, the curve in Fig. 7 represents the
variation of the critical electric field E€ at which det(H) = 0
with respect to the applied dead load. The determinant is
positive (stable) below the curve while it is negative (unstable)
above the curve.

It is clear from Fig. 7 that the external magnetic field
enhances the magneto-electro-mechanical stability. The curve
with a higher magnetic field H is always above the curve with a

0.8 : : :

0.7

0.6

0.5

L:,r
\ﬁ w/€)

0.4

0.3

0.2 ' ' '
0 1 2 3 4

S1

Fig. 7 Stability and instability regions in the dead load (s;)—electric field
plane of a neo-Hookean dielectric film under various magnetic fields
H =0, 0.3, 0.5. The stability region is enclosed by the curve of zero
determinant and the axes. A higher magnetic field corresponds to a larger
stability region.
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lower H. Without considering the magnetic field H = 0, the
curve would be the lowest. A higher curve means a larger
stability region that is enclosed by the curve of zero determi-
nant and the axes. This clearly shows that the magnetic field
allows the film to sustain a higher electric field. We remark that
the electric breakdown is not taken into account here.

5 Wireless actuation and energy
harvesting

A key insight evident from the discussion in the preceding
paragraphs is that the presence of external magnetic field
increases the critical nominal electric field and reduces the critical
actuation stretch, thus suppressing pull-in instability. The critical
value of the nominal electric field corresponds to the intersection
point of the three stresses acting on the dielectric material: the
mechanical stress, the electric Maxwell stress and the magnetic
Maxwell stress. At a constant external magnetic field, the latter
attempts to “squeeze” the material, thus reducing its actuation
stretch and increasing its thickness. Changing the external voltage
while maintaining constant external magnetic field and mechan-
ical stress will affect the nominal electric field, thus changing the
electric Maxwell stress. Since magnetic stress acts against the
electric and the mechanical stresses, the material is able to
withstand a larger critical electric field, but the critical actuation
stretch will be smaller and depends on the magnitude of the
magnetic field. Beyond that critical point, any small perturbation
will move the film to an unstable state where it fails without
reaching an equilibrium. The same effect can be seen in the case
of a uniaxial stress (see Fig. 7); the presence of the magnetic field
also reduces the actuation stretch and increases the critical
electric field as can be seen in Fig. 4 and 5.

We have shown that the applied electric voltage and the
external magnetic field have opposite effects on the deforma-
tion of a soft dielectric, that is, the voltage makes the film
thinner while the magnetic field makes the film thicker. Based
on these results, along with the concept of a simple electric
capacitor where capacitance decreases as thickness increases,
we propose a simple design to increase the voltage between
isolated charged films by applying an external magnetic field.
A higher voltage can be exploited to do useful work—shown
schematically in the form of powering a light-bulb (see Fig. 8).
To make a rough estimate of how much energy can be
harnessed in this case, we consider the simple model of a
dielectric thin film with dimensions L, = 10 mm, L, = 10 mm
and L; = 1 mm. The shear modulus of the soft material can be
assumed to be of the order of ¢ = 10° N m™2, the electric
permittivity goé, = 4 x 10°'" F m ™' and magnetic permittivity
fir = 5. We assume a surface charge of density g, = 1 X
1072 C m™? at the upper surface and —q, at the lower surface
of the thin film. Before applying the magnetic field, the
capacitance of this dielectric capacitor is C = % = %
Note that the total charge on each surface, Q = qoL;L,, is also
conserved. Thus, the electric potential energy stored in the film
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Fig. 8 Fixed total charges on the top and bottom layers of a dielectric
film: (a) no magnetic field. The film thins down and expands its area which
results in a large capacitance C. Since C ~ Q/V and the charge Q is fixed,
large C corresponds to low voltage V. (b) With external magnetic field. The
thickness of the film increases whereas the area decreases. This results in a
lower capacitance C. Lower C corresponds to large voltage V. (c) A higher
voltage can power a connected device.

107 10% L;
E? n 5803‘; L1L2
field of 0.5 T (equivalent to 0.5 x 10* Oe) can deform the thin
film and increase its thickness by about 10%. Substituting this
10% change in the thickness L;, we can easily see that the
electric potential energy stored in the capacitor can be
increased by more than 20%. This amount of potential energy
(~0.2U, = 250 1J) is due to the magnetic field. If the frequency
of the magnetic field is 20 Hz, then the output power due to
the magnetic field is ~250 pJ x 20 s~' = 5 mW. This power is
enough to power a single mini-LED. Of course, we have chosen
a rather small piece of thin film as an example. In a realistic
application, the output power can be further enhanced by
increasing the size of the thin film, changing the magnetic
permeability of the material and of course stacking multiple
films together. In summary, the external magnetic field
increases the voltage on the film and can be used for wireless
energy harvesting.

is Uy = ~ 1.25 x 107* J. Normally, a magnetic

6 Concluding remarks

In this paper, we have explored the magneto-electro-
mechanical behavior and instability of soft materials under
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the combined action of mechanical, electrical and magnetic
loads. As long as the magnetic permeability of the soft matter is
larger than that of vacuum, an emergent magnetoelectric effect
appears due to the interaction of deformation and a pre-
existing electric field. While this insight has been appreciated
before," our key emphasis in this paper is to explore the
instability behavior of such a system. Our formulation is
relatively general although, for illustrative results, we primarily
focus on thin films and homogeneous deformation of an ideal
neo-Hookean elastomer. Even for this simple case, the insights
are rich. The presence of an external magnetic field gives us an
important control variable to impact the equilibrium behavior
of the dielectric thin film. In particular, pull-in instability can
be significantly suppressed by applying an external magnetic
field. As a result, the stability of the dielectric film is enhanced
which allows it to sustain larger electric fields and mechanical
loads. In contrast to the conventional interplay between
mechanical and electrical fields, the interaction of three fields
provides interesting opportunities to harness large deformation
and instabilities of soft dielectrics and presents tantalizing
prospects for wireless energy harvesting. Our work provides a
simple basis to further explore magnetoelectric wireless energy
harvesting devices. Further research on magneto-electro-
mechanical instabilities could be elaborated to investigate the
post-bifurcation analysis and the effects of the magnetic field
on wrinkling, creasing, and cratering as well as other types of
instabilities.
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Appendix A

We list the detailed derivations of the first variation (30) and
the second variation (31) in the following.

A.1 Details of the first variation

Consider a smooth variation:

dv = (84y, 843, 5P, SM)T (A.63)

of the four generalized coordinates v in (23). Then the variation
3W(v) in (30) reads

SW(V) = dW(V) — &0(Aa43& x)0(A243¢ x) + 323 xP)
+ po(A2430% f)S(/LZAgCSGIf Loh®OM, (A.64)
where
ow ow ow ow
SW(v) = 97 —0, + % —0/3 + WSP + W&W (A.65a)

(A2A3¢ x) = (A3& x)07 + (A2 x)025 +

B(AaAzE xP) = (A3& xP)dAy + (A2 xP)OA3 + (A2/3P)SE x + (A2/5E x)OP,
(A.65c¢)

(A273)5¢ x, (A.65b)
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(A0S0 = (Aa0580)00, + (220580805 + (2243)00,  (A.65d)

The terms related to the variation 3¢ x in (A.65b) and (A.65c)
can be finally omitted by considering the Maxwell eqn (21) and
the variation of the electric boundary conditions as well as
integration by parts.

Similarly, the term related to the variation (% in (A.65d) can
also be recast, that is,

Ly
[ tiaisctaisiscstax=[| {utiarsciiGamacs -onn

L
+u0(),2i3cf§}f)8M}dX J o (Gada NS MdX
(A.66)

The first term on the second line disappears due to the zero
variation of the Maxwell eqn (21) and the magnetic boundary
condition with respect to the magnetization M.

Thus the first variation (30) can be written as

3F 1 (5 o
=— -0V |dX — 5204y — 53043 =0. (A.67
L1L2L3 L]J ( (9\’ V) 52 2 53 3 ( )

Here the vector derivative has the component form

ow' <8W' oW oW’ an>T

v\ o o 0P oM (a.68)

where the components are

ow'! ow 5 2 N 5 sel 2
O = A BYEY (fx) + 43¢ x P+ #oﬂz;dz( le> )
(A.69a)
ow' oW 2
o — el 73(5)() + 228 x P+ poha” M( Self) )
(A.69D)
ow' oW
—_— A A.
P aPJr/»z 3¢ x, (A.69¢)
8W’ aW ~SC| ~SC| €
T = g Ui O[] el (a60d)
[£58M) s in (A.69d) is a coefficient related to the variations of the

magnetization M and the self-magnetic field {5 in (A.66).

A.2 Detailed second variation
Consider the integrand §*W/(v) in (31).
SWi(v) = SWE) 7432[(12;.3@)2]

 (Aa70)
+ 82 [Jadaé x P] + %52 {(m;c%}”)’} :

where
W(v) = dv-H'3v,

8[(A22sé X) 1=2( 3CX)25/L2 +2(A& X)les + z(izfts)ZSCX

+ 87025(E X070 + 8ApisE xDInOE x + 8152 5E xO150E xy
(A.71b)

(A.71a)
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8[ApAsé xP) = 2{E xP828A5 + A3P8ASE x + Agé xO0A0P
+ DaP8)OE x + ol xO15OP + JydgdE KOPY,
[(Azlz -»s;lf ] 2(; 3CS€M)26A2 + 2( Zé«self)ZS) s + 2(12 2)26(yselt)

+ 825 05(055)282,805 + 82,2525 80,805 + 82,2255 162,855,
(A.71d)

(A.71c)

Here H' in (A.71a) is a fourth-order symmetric tensor

o*w oW
l = _— = -
(lH] )ij a ( 81’2 >if 8v,~8vj’

where i,j =1, 2, 3, 4, and v = (1, /3, P, M)".
Combining (A.70)-(A.72), we can recast the second variation
in a more compact form

(A.72)

W (v) = dv-Hayv, (A.73)
where H is a fourth-order symmetric tensor
;wr Pwh Pwh IPw!
0% 0)2023 0M0P 0i0M
PwW! FPw PwW!
W' 075> 0)30P  0230M
= v (A.74)
o*rwt o*Pw!
oP?  OPOM
Sym i
Y aM?
with the entries
>*w PwW )2
W = W — & () f ) + Ho (/@g ell') , (A.75a)
o*rwt oW o N2
Tars ~ D~ sl Pl 2uaiats ()
(A.75b)
82 W/ 82
8)28P % 8P+)3£X, (A.75¢)
82 Wl 82 4 2 eself | eself
oot~ aian U] (a.75d)
82 wr 82 4 9 self 2
W = 8732 — & (/LQéA’X) +,u0 (/QC ) (A.75€)
*>w W
= A A7
D10~ Biagp T e (a.751)
62 w! 82 4 21 eself | gself
Di0M ~ dison T et ¥, (a.75g)
o*rwt *Pw
o W7 (A.75h)
82 W[ — 827W (A 75i)
OPOM ~ OPOM’ ’
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