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Abstract
Auxetic and other mechanical metamaterials are typically studied in situations where they are
subjected solely to mechanical forces or displacements even though they may be designed to
exhibit additional anomalous behaviour or tunability when subjected to other disturbances
such as changes in temperature or magnetic fields. It is shown that externally applied magnetic
fields can tune the geometry and macroscopic properties of known auxetics that incorporate
magnetic component/s, thus resulting in a change of their macroscopic properties. Anomalous
properties which are observed in such novel magneto-mechanical systems include tunable
Poisson’s ratios, bi-stability or multi-stability, depending on the applied magnetic fields, and
other electromagnetic–mechanical effects such as strain dependent induced electric currents
and magnetic fields. The properties exhibited depend, amongst other things, on the relative
position and orientation of the magnetic insertion/s within the structure, the geometry of the
system and the magnetic strength of the magnetic components, including that of the external
magnetic field.
S Online supplementary data available from stacks.iop.org/SMS/22/084016/mmedia
(Some figures may appear in colour only in the online journal)

1. Introduction

enhancement of the electromagnetic properties [18–20], work
on auxetics systems which have magnetic insertions is still in
its infancy [21–29].
Here we propose novel systems having magnetic
insertion/s embedded within a non-magnetic matrix such that
any re-orientation of the magnetic component/s (either by
means of a mechanical force or by an externally applied
magnetic field) results in a change in the geometry of the
system giving rise to changes in the macroscopic properties
including the Poisson’s ratio and other mechanical properties
which are sometimes anomalous. These systems can have
various applications, including tunable filters which change
their aperture according to the applied external magnetic field,
in sensors which detect the amount of deformation occurring
by means of an electromagnetic signal and in systems which
require an instantaneous change in their mechanical properties
such as the Poisson’s ratio.

Mechanical metamaterials are engineered systems that exhibit
macroscopic properties (which are typically anomalous) that
emerge due to the structure of their sub-units rather than their
material composition [1, 2]. Examples of such metamaterials
are systems which exhibit a negative Poisson’s ratio, known as
auxetics [3–8], which have the unusual property of expanding
in the lateral direction when uniaxially stretched. Several
models have been proposed to explain auxeticity, including
the well known mechanism involving flexure or hinging of
re-entrant honeycombs [9], or the relative rotation of rigid or
semi-rigid units [5, 10–17], such as the rotating rigid squares
model [5] and the rotating rigid triangles model [16, 17].
Whilst it is known that auxetic behaviour may contribute to an
4 www.um.edu.mt/science/metamaterials.
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Figure 1. Various auxetic structures which lend themselves well to hosting magnetic insertion/s: (a) chirals, (b) rotating rigid triangles,
(c) rotating rigid quadrilaterals, (d) honeycombs, (e) liquid crystalline polymers and (f) dilating triangles.

2. Concept

one in figure 2(a) (see also the animation in electronic
format available at stacks.iop.org/SMS/22/084016/mmedia),
which can respond, adapt and change their properties when
exposed to externally applied electromagnetic fields [25, 26,
28, 29]. More recently, Ruzzene [27] has also proposed
a Kagome lattice with cylindrical magnetic insertions
which are perpendicular to the lattice plane where the
lattice consists of a flexible Kagome lattice connected via
thin and flexible connections; this system also exhibits a
number of fascinating properties, including bi-stability and
multi-stability. These various geometries, alongside their 3D
counterparts, such as systems made from connected cuboids
(see figure 2(b)) [36], can be such that the distribution and
orientation of the magnetic insertion/s is arbitrarily providing
additional tunability.
The magnetic insertion/s need not necessarily be of the
permanent magnetic type but they can also be ferromagnetic,
diamagnetic, paramagnetic or electromagnetic. If we take into
consideration the latter case, the properties arising due to
magnetism can be switched on or off and even controlled
electrically making a system with versatile mechanical
properties which can be used in applications requiring an
instantaneous change or fine tuning in these mechanical
properties. Such systems involving internal electromagnets
can operate even in the absence of an external magnetic
field, possibly even controlled remotely and resulting in a
truly multi-functional tunable smart mechanical system. For

The concept proposed here is not dissimilar to what happens
when one places a compass in a magnetic field where the
needle rotates so as to align itself with the magnetic field. Here
the compass needle is replaced by a magnet which is affixed
to or embedded in a non-magnetic unit of the auxetic system.
If the structure is adequately constrained so as not to translate
or rotate as a rigid body, then on application of an external
magnetic field the magnetic insertion re-orients itself, rotating
alongside the structural unit, causing the whole structure to
change its shape. In other words, the incorporated magnetic
component when placed in an externally applied magnetic
field may cause the system to deform and adopt a new
equilibrium conformation and hence change its mechanical
properties.
There are various auxetic structures, as illustrated in
figure 1, which lend themselves well to hosting magnetic
insertion/s so as to enable their geometry and properties
to be controlled via internal magnetic insertion/s and/or
externally applied magnetic fields. Such structures include
chirals [30–32], honeycombs [9], STAR systems [33],
liquid crystalline polymers [34], dilating systems [35],
rotating rigid triangles [16, 17], Kagome lattices [27] and
quadrilaterals [11–15]. For example, Wojciechowski [26]
and Grima et al [28, 29] have recently proposed various
systems incorporating magnetic components, such as the
2
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Figure 2. (a) Two screenshots from an experiment showing how systems with multiple magnetic insertions are affected on application of an
external magnetic field (the full video can be found in the electronic supplementary information available at stacks.iop.org/SMS/22/084016/
mmedia). The orientation of the internal magnets is as in figure 1(c). (b) (i) A 3D structure which can host magnetic insertions, where all or
some of the units may have magnetic insertions placed in an arbitrary orientation as shown in (ii).

all of these systems, one can envisage even more versatile
systems by changing various parameters within the systems.
Additional versatility would obviously also be observed if
the matrix itself, or parts of it, had some kind of magnetic
property.
Before proceeding any further, it is important to point
out that systems containing several magnetic insertions, apart
from their interesting properties, will also behave differently
from systems with just one magnetic insertion, even in the
absence of an external magnetic field, since the multiple
magnetic insertions may interact with each other resulting
in a change of structure and hence of mechanical properties.
This change in structure would be the result of the interplay
between the stiffness of the hinges making up the mechanical
system and the strength of the magnetic insertions. For
example, let us consider rotating rigid quadrilaterals with a
magnetic insertion in each sub-unit having the configuration
as shown in figure 1(c). In the absence of an external magnetic
field, if the magnetic insertions are strong enough, they will
attract each other, causing the system to close its angle of
aperture. Hence, if one tries to extend a closed configuration,
more energy is required to extend the system since one has
to overcome the attractive force of the magnets. Likewise, if
one starts with an open configuration, less energy is required
to contract the system since such a contraction will be aided
by the attractive force of the internal magnets. With such
magnetic insertions, one particular configuration is favoured.
Another feature observed in certain geometries containing multiple magnetic insertions is bi-stability or multistability [25–28]. Let us consider the former case, which
can be observed in the honeycomb geometry (as shown in
figure 1(d)), where the magnets attract each other along the
horizontal direction, the attraction being strongest at angle

Figure 3. The 2D open boundary finite system that is taken into
consideration in the case study.

θ close to −90◦ (for re-entrant honeycombs) and angle θ
close to 90◦ (for non re-entrant honeycombs). Hence, such
magnetic honeycomb systems would have two points of
stability. Other systems, such as rotating rigid triangles (as
shown in figure 1(b)) [26] and flexible Kagome lattices [27]
show the property of multi-stability as well as bi-stability.
Until now we have considered parameters affecting only
the magnetic part of the system. However there are other
parameters which govern the non-magnetic auxetic system.
For example, if one considers the rotating rigid quadrilateral
shown in figure 3, the non-magnetic matrix itself has a number
of variables such as the lengths a and b, the interior angles
of the quadrilateral (shown as a rectangle in figure 3), the
connectivity, the angle of aperture θ , the hinging stiffness
3
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3. Case study—rotating rectangles with one
magnetic insertion

constant Kh and even the number of tessellated unit-cells,
as discussed elsewhere [37]. These variables together with
the magnetic variables will give rise to the final mechanical
properties of the system. Also, magneto-auxetic systems
could be engineered in a manner such that the magnetic
insertion/s could influence one or more of the deformation
mechanisms taking place, with the result that a new profile
of mechanical properties would be achieved under different
magnetic conditions. Here it should also be emphasized
that given the large number of variables pertaining to the
structural and magnetic components of the systems, any
given model can be tailor-made to exhibit some specific set
of properties. These properties will be dependent upon the
various parameters making up the systems.
For an adequately constrained system having magnetic
insertion/s, on applying an external magnetic field, the
aperture of the system may change accordingly. This change
in aperture, apart from resulting in a change in the dimensions
of the system, may bring about a change in a number of
other macroscopic properties which depend on the degree of
aperture of the system, ranging from mechanical properties,
such as the Poisson’s ratios and the pore size, with obvious
practical implications. For example, if this system were
used as a filter, one could easily solve the problem of
blocked pores by the temporary application of an externally
applied magnetic field so as to de-foul the filter. Also, one
could easily envisage filters built on these concepts where
their pore sizes could be fine-tuned by the application of
externally applied magnetic fields. Using the same principles,
one could also foresee the use of such systems in the
bio-medical industry. The system would be used as a medium
for controlled drug release where the supporting matrix is
opened by means of a magnetic field to release the active
ingredients previously locked within it. This could have
some very important applications in medicine, particularly
in oncological treatments where, very often, the success or
otherwise of the treatment depends on the ability of the
effective targeted drug release so as to treat only cancerous
cells rather than the surrounding healthy tissue. This concept
can also be applied in the deployment of stents which can be
‘inflated’ (or ‘re-inflated’) as needs be through the application
of an external magnetic field.
Also since the deformation of the geometry of the
system with magnetic insertions brings about a change in the
magnetic flux, an induced electric current is generated around
the system (from Lenz’s law) and this induced current depends
on the amount of deformation of the system. This property
can be utilized in sensors which can detect the amount of
deformation occurring within the system.
It is beyond the scope of this work to discuss the full
range of tunable macroscopic properties afforded by these
systems with magnetic insertions or to discuss the full range
of systems which can lend themselves as base structures for
achieving tunability of the macroscopic properties through the
method discussed here. Instead, at this stage we shall just limit
the discussion to one particular case, that of type I rotating
rectangles with just one magnetic insertion, and discuss how
this system can achieve tunable Poisson’s ratios and pore
sizes.

In this study we shall consider a 2D open boundary finite
system made up from N1 × N2 perfectly rigid non-magnetic
rectangles of dimensions a × b connected from their vertices
in the type I conformation [12], as in figure 3. The rigid
non-magnetic rectangle found in the centre of the system
contains within it a rectangular magnet of dimensions da × db
placed at its centre, as illustrated in figure 3, and is also
pinned at its centre so that it cannot translate. In fact, the
structure as a whole is aligned and pinned in 2D space,
such that it cannot move (translate or rotate) as a rigid
body. Such constraints can be imposed, for example, by
pinning the structure as shown in figure 3, i.e. pinned at
its centre so as to prevent translation together with another
roller positioned in an adjacent tessellated rectangle just above
it, which prohibits movement in the horizontal direction,
thus effectively prohibiting rotation as a rigid body. Also,
the rigid rectangles are assumed to have a unit thickness in
the third direction and are connected together using simple
two-dimensional hinges having stiffness constant Kh .
In an attempt to simulate the properties of this system,
it is also assumed that the embedded magnet has a magnetic
moment µk (k = 1, 2, . . . , N) and is represented by a finite
number L = La × Lb of single-point magnetic dipoles each
having a magnetic moment µint of magnitude:
1
|µk |.
(1)
L
In the simulation it is assumed that the point dipoles
are separated from each other by a distance sa along the a
direction and sb along the b direction in such a way that:
|µint | =

da
= sa
La

and

db
= sb
Lb

(2)

where La and Lb are the number of dipoles along the sides
of the rectangles of dimensions a and b respectively. The
distances, sa and sb , are chosen in such a manner that the
net magnetic field arising from these point dipoles is not
dissimilar from the magnetic field which would arise from a
bar magnet of the same dimensions and would become more
similar as L increases, i.e. by having a denser mesh of the
single-point magnetic dipoles. Here it should be noted that
since the magnetic insertion is embedded within the rectangle
in a fixed manner, the orientation of the associated rectangle
follows the magnetic moment |µint | of the magnet if this
rotates.
In addition to the internal magnet, it is also assumed
that there is an external magnetic field which is generated by
two additional large magnets, labelled as magnets X and Y
respectively, placed on the sides of the system such that they
are equidistant from the central rectangle, where each external
magnet has a magnetic moment µext and is represented by Lext
dipoles. The separation between the external magnets is such
that tips of the non-magnetic matrix will touch these magnets
when the system is in its fully open configuration along the
Ox1 direction.
4
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Noting that all the dipoles within the magnet found at
the centre of the system are experiencing the magnetic field
generated by the dipoles within the external magnets X and
Y, the total magnetic potential energy of the system open at a
certain angle θ is defined as the sum of the scalar products:
UMag = −

L
X

(µint · Bi )

(3)

i=1

where Bi represents the magnetic flux density (in tesla,
commonly also known as the magnetic field) generated at
location ri , the position vector of the dipole i within the central
magnet, by all other magnetic dipoles from the two external
magnets (adapted from [38]):


Lext
X
µo 3[µext · (rXj − ri )](rXj − ri )
µext
Bi =
−
4π
|rXj − ri |5
|rXj − ri |3
j=1

Lext
X
µo 3[µext · (rYj − ri )](rYj − ri )
+
4π
|rYj − ri |5
j=1

µext
.
(4)
−
|rYj − ri |3
where µ0 is the permeability of free space.
It may be inferred from equation (3) above that for
this given system, the total magnetic potential energy, UMag
is dependent on the position and strength of the magnetic
dipoles, their distance from each other depending on the angle
θ between the rectangles. For example, in this particular case
study, the magnetic energy UMag was evaluated for different
values of |µext | for the particular system shown in figure 3
where N1 × N2 = 5 × 5, a × b = 1.0 cm × 1.5 cm, da × db =
0.8 cm ×0.2 cm, la ×lb = 4×4, |µint | = 0.15 A m2 (a typical
value for a short bar magnet), Lext = 66. The values obtained
for the magnetic potential energy UMag are plotted against the
angle θ in figure 4.
In the absence of an external magnetic field, the
magneto-auxetic system presented here will remain in the
initial angle configuration unless it is made to change by
some external force. The plots clearly show that on applying
an external magnetic field (having the orientation as in
figure 3), assuming that the hinges in the system are perfect
pin-joints which offer no resistance, then the angle at which
the magnetic energy potential is at a minimum corresponds
to θ = 0◦ . When the system is at θ = 0◦ , the rectangular
conformation is fully closed along the Ox1 direction, meaning
that the internal magnet would cause the central rectangle
to rotate anti-clockwise. Due to the geometric constraints
applied to the structure, on rotating, the central rectangle will
force all the other rectangles to rotate with it so as to adopt
the configuration with this lower UMag . Whether in reality
this extreme value for the angle is achievable would, amongst
other things, depend upon the stiffness of the hinges in the
system.
In fact, in a real system, the stiffness of the hinges in
the system offers resistance to rotation. In particular, it may
be assumed that the stiffness in the hinges connecting the

Figure 4. Magnetic potential energy UMag plotted against the angle
of aperture θ for externally applied magnetic fields generated by
magnets of varying |µext |: (a) for the configuration of the system as
in figure 3, (b) for the system having an internal magnet with
reversed poles.

rectangles can be quantified in terms of the hinging constant
Kh defined by:
Umech = 21 Kh (θfin − θinit )2

(5)

where Umech is the energy required to bring about a change
from θinit to θfin .
Thus, given a system which, in the absence of any
magnetic insertion or other externally applied forces would
be in its ‘relaxed state’ when the rectangles are at an angle
θinit , then with the insertion of a magnet and the application
of an external magnetic field, the rectangles would re-orient
themselves to a configuration having the rectangles at an
angle θfin where the value of θfin corresponds to the angle
where there is an equilibrium between the magnetic potential
energy and the mechanical energy. In other words, through
careful control of the stiffness constant and the strength of the
magnetic components, one may fine tune the extent to which
the change in angle occurs.
In particular, assuming that:
(i) the change in the magnetic contribution to the internal
energy of the system is independent of the path along
5
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which this change is occurring and thus the work done
on the system by the magnets may be estimated by:


WMag = UMag (θ = θfin ) − UMag (θ = θinit ) ; (6)
(ii) the work done by the system against the stiffness of the
hinges, recognizing that there are Nh = 2N1 N2 − N1 − N2
hinges, may be estimated by:
WMech = Nh 21 Kh (θfin − θinit )2

(7)

then θfin , the angle θ at which the new energy equilibrium
occurs due to the presence of the magnetic components
but no other additional external forces, may be estimated
by using the expression:
WTotal = WMag + WMech .

(8)

Using equation (8), the equilibrium angle θfin for the
system is found when WTotal = 0. (The value of WTotal
indicates whether work is being done by the system, i.e. when
WTotal < 0, or on the system, when WTotal > 0. Systems with
WTotal = 0 indicate a state of equilibrium. Note that some
systems may achieve a locked conformation when θ = 180◦
or 0◦ prior to reaching a state of WTotal = 0.) This change in
equilibrium angle depends on the interplay of three factors,
the strength of the magnetic insertion, the strength of the
external magnetic field applied and the stiffness of the hinges
in the structure. Depending on the values of these three
factors, the angle at which the system is in equilibrium may
vary.
For the particular system discussed here, as illustrated in
figure 5(a), there is always a tendency for the rotations to
occur in such a way that the equilibrium angle θ decreases
on increasing the strength of the magnetic field. This occurs
due to the orientation of the internal magnet with respect
to the external magnetic field (as shown in figure 3) where
the internal magnet will try to re-orient itself by rotating
anti-clockwise, turning with it the rectangle within which it is
embedded. Due to geometric constraints of the structure this
rotation forces all the other rectangles to rotate in a manner
which decreases the angle θ between the rectangles. In fact,
had the rectangles been connected through hinges which offer
no resistance (Kh = 0), then the structure would have closed
to θ = 0◦ .
Obviously this behaviour where the internal magnet
rotates anti-clockwise, hence forcing the structure to close,
only occurs if the internal magnet is oriented with respect to
the external magnetic field as in figure 3. In fact, if the poles
of the internal magnet had to be reversed, then there would
have been the tendency for this angle θ to increase (as shown
in figure 5(b)). Also, different relationships would have been
obtained if the external magnetic field had to be aligned in
different directions relative to the system.
All this is very significant since the mechanical
properties, such as the Young’s modulus and the Poisson’s
ratio, are dependent on the degree of aperture of the presented
system. In the case of the Poisson’s ratio, Grima et al [12]
have shown that for connected rectangles of dimensions a ×
b connected together as in figure 3, the Poisson’s ratio is

Figure 5. Equilibrium angle between the magnetic and mechanical
system on varying the externally applied magnetic field generated
by magnets of varying |µext | for systems of different θinit : (a) for the
system as depicted in figure 3, (b) for the system having an internal
magnet with reversed magnetic poles.

dependent on the degree of aperture, measured through the
angle θ between the rectangles, and is given by:


a2 cos2 θ2 − b2 sin2 θ2
−1
ν12 = (ν21 ) =
(9)

.
a2 sin2 θ2 − b2 cos2 θ2
This equation clearly suggests that for a given system,
the magnitude and sign of the Poisson’s ratio depends on
the angle between the rectangles. Hence, if on applying an
external magnetic field one changes the angle between the
rectangles, then the Poisson’s ratio of such a system can be
controlled through an external magnetic field, with the many
obvious practical advantages that such control brings with it.
In fact, as shown in figure 6, the Poisson’s ratio for the
particular system as described in figure 3 having a hinging
constant Kh of 1 × 10−4 J rad−2 changes significantly on
varying the magnitude of the external magnetic field applied.
For example, taking into consideration the system with a×b =
1.0 cm × 1.5 cm when in the absence of an external magnetic
field it has an angle of 90◦ and a Poisson’s ratio ν12 =
+1, on applying an external magnetic field and increasing
the magnitude of such a field, the Poisson’s ratio becomes
negative and reaches a value of −0.35 when the external
magnetic field is generated by external magnets having a
dipole moment |µext | of 20 Am2 . On the other hand, for a
system which in the absence of an external magnetic field
6
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Figure 6. The Poisson’s ratios (i) ν12 (ii) ν21 on varying the externally applied magnetic field generated by magnets of varying |µext | for
systems of different θinit : (a) for the system as depicted in figure 3, (b) for the system having an internal magnet with reversed magnetic
poles.

has an angle of 150◦ and a Poisson’s ratio ν12 = −2.60,
on applying an external magnetic field generated by external
magnets having a dipole moment |µext | of 12 Am2 , the
Poisson’s ratio of the system has a value of +1.87. From
these plots it is observed that on application of an external
magnetic field, certain values of Poisson’s ratios are favoured,
meaning that with a magnetic insertion, one can fine tune
the system to adopt certain ranges of Poisson’s ratios but not
others. Obviously it is not just the type I rotating rectangles
scheme which lends itself to a tunable Poisson’s ratio through
the mechanism discussed here. In fact any other system
which can change its Poisson’s ratio as a result of a change
in its geometry can also exhibit some form of tunability.
Also, systems could be engineered in such a manner that
the magnetic insertion/s could influence one or more of the
deformation mechanisms taking place with the result that a
new profile of mechanical properties would be achieved under
different magnetic field conditions.
At this point it should be highlighted that it is not only
the Poisson’s ratio which is affected by the application of an
external magnetic field. In fact, as discussed elsewhere [39]
there are also significant changes in the pore dimensions as the
angle of aperture changes, something which in this case may
be brought about by applying or changing the magnitude of
the external magnetic field. This makes the system presented
here an ideal candidate for smart filters which, for example,
can be very easily de-fouled by means of an external magnetic
field or could change their pore size.
More specifically, the system made from a × b sized
rectangles has two sets of pores in the shape of a rhombus

with a side length that is equal to that of the rigid rectangles
and internal angles equal to the angles between the rectangles.
For any porous system, one can define the pore size in terms
of ρ, the radius of the largest spherical particles that can
pass through, which for the system presented here having two
different sets of pores, one with dimensions a, a and one with
dimensions b, b, is given by:
max {a, b}
sin (θ )
(10)
2
where for this particular system, θ can be varied by changing
the magnitude of the external magnetic field. It may be
inferred from equation (10) that the largest pore size occurs
when the system has an angle of aperture of 90◦ . This
relationship between ρ and the externally applied magnetic
field is clearly illustrated in figure 7, which confirms that the
pore size of the system, (ρ), is affected by the magnitude
of the applied magnetic field where, for example, taking into
consideration the system which in the absence of a magnetic
field has an angle of 150◦ , ρ has a value of 0.375, but on
applying an external magnetic field generated by external
magnets having a dipole moment |µext | of 14 Am2 this value
increases all the way to 0.75 until it starts to decrease again.
On the other hand, for the system which in the absence of a
magnetic field has an angle of 90◦ , ρ is at the maximum value
of 0.75, but on applying an external magnetic field generated
by external magnets having a dipole moment |µext | of 20 Am2
this value decreases to 0.45.
Here it should be mentioned that deformations in the
structure that are brought about through the application of a
ρ=

7
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to overcome the locking angle, effectively making the system
free to deform along the whole range of angles without any
hindrance. This occurs since the internal magnetic insertion
placed at the centre rectangle will cause the system to rotate to
a new equilibrium angle and the rotation will not be affected
by the locking angle mentioned above. This feature further
enhances the performance of such systems if used as tunable
filters.
Obviously the properties presented in figure 5–7 only
relate to a 5 × 5 system having the dimensions as specified
above. If one had to keep the same dimensions of the magnets,
rectangles etc and only vary the number of rectangular units
used whilst keeping the external magnets at a location such
that the tips of the non-magnetic matrix will touch these
magnets when the system is in its fully open configuration
along the Ox1 direction, then the properties afforded by the
system would also vary (as shown in figure 8). This is due to
the fact that in such systems, the number of hinges offering
resistance to rotation would have changed as would have the
distance between the central magnet and the two external
magnets. It is also envisaged that additional variation could be
introduced if one uses different values for the other variables
in the system or combinations thereof. Such systems, as well
as related ones, could still be simulated using the simulation
method developed here, since the methodology used is a
general one which permits full control of all the parameters.
Thus, this method used here to simulate the properties of
this particular magneto-mechanical metamaterial can also be
applied and adapted to simulate the other systems proposed.
Before we conclude, we must mention the fact that
the behaviour discussed here is only applicable to a system
having just one magnetic insertion positioned as discussed
above. More complex and even more interesting behaviour
will arise if the system has more than one magnetic insertion
since the internal magnets would affect each other even
in the absence of an external magnetic field, as discussed
elsewhere [25–29]. In fact, it should be once again highlighted
that one can envisage more versatile systems by changing
various parameters within the systems. For instance, one
may vary the number of structural sub-units which contain
a magnetic insertion, as well as the size and shape of each
magnetic insertion/s, the magnetic strength of each magnetic
insertion/s, and the position and 3D orientation in space of
each magnetic insertion/s relative to the local 3D co-ordinate
system of each non-magnetic structural sub-unit. In particular,
it is possible to have magnets which are out-of-plane of the
non-magnetic matrix and whose centre is not co-planar to the
non-magnetic matrix; such systems would exhibit their own
particular interesting characteristics. Moreover, one may also
use super-lattices so as to permit more variation and vary the
global 3D orientation of the structure relative to the external
magnetic field. In the case of multiple magnetic insertions,
one can further consider two cases: (i) where the internal
magnetic insertions are far apart from each other such that
they do not interact with each other, however these insertions
are affected by the application of an external magnetic field;
(ii) where the internal magnetic insertions are close enough
to each other that they can interact with each other, i.e. apart

Figure 7. The radius ρ of the largest spherical particles that can
pass through the pores of the system on varying the externally
applied magnetic field generated by magnets of varying |µext | for
systems of different θinit : (a) for the system as depicted in figure 3,
(b) for the system having an internal magnet with reversed magnetic
poles.

magnetic field can permit changes in pore size of the structure
which could not have been achieved by just mechanical
pulling as a result of the locking that would occur in such
cases. In fact, as discussed elsewhere [12], in the absence of
internal and external magnets, on deforming the system by
application of a uniaxial force along the Oxi direction the
system will lock at a certain angle θi∗ where:
 
∗
−1 b
deforming along the Ox1 direction θ1 = 2tan
(11)
a
a
deforming along the Ox2 direction θ2∗ = 2tan−1
. (12)
b
Hence for a rectangular system which is being extended
by a uniaxial force along the Oxi direction, given an initial
configuration where θ = θo < θi∗ the system will not be able to
go above the angle of θi∗ (due to locking) which means that the
system cannot assume a fully open conformation of θ = 180◦
if θo < θi∗ . Likewise if one is contracting a rectangular system
by means of a uniaxial force along the Oxi direction, given an
initial configuration where θ = θo > θi∗ the system will not
be able to go below the angle of θi∗ hence the system cannot
assume a fully closed conformation of θ = 0◦ if θo > θi∗ .
However, this is not the case for the magneto-mechanical
system presented in this case study. On placing a single
magnetic insertion at the centre rectangle of the constrained
system and applying an external magnetic field, one is able
8
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Figure 8. (a) The equilibrium angle, (b) pore size ρ and (c) the Poisson’s ratios (i) ν12 , (ii) ν21 on varying the externally applied magnetic
field generated by magnets of varying |µext | for the system as depicted in figure 3 having an initial angle of 60◦ but different numbers of
rectangular units. Note that a 1 × 1 system would effectively work as a compass.

We have shown that such properties can be fine-tuned by
careful choice of the strength of the magnetic components
used, including the external magnetic field applied, as well
as the properties characteristic of the system, such as the
mechanical stiffness constants. In this way the desired set
of mechanical and other macroscopic properties can be
tailor-made for particular practical applications. In view of
the many potential applications that such smart systems
may have [25–29], we hope that this work will provide an
impetus to experimentalists who can manufacture materials
and products based on the concepts proposed here. Such
products could well result in a new generation of smart auxetic
materials with tunable macroscopic characteristics.

from being affected by an externally applied magnetic field,
the magnetic insertions within the system will also affect the
properties of the system in the absence of an external magnetic
field. For example, for the rotating rigid quadrilaterals system
with a magnetic insertion in each sub-unit (figure 1(c)), in
the absence of an external magnetic field, if the magnetic
insertions are strong enough, they will attract each other
causing the system to change its angle of aperture. As a
corollary of this, if the internal magnetic components had to
be electromagnets, one may achieve the control discussed here
just by varying the electrical current being supplied, with the
obvious superior and more practical characteristics associated
with this self-contained tunable system. Such systems would
still benefit from tunable Poisson’s ratios but could also have
even more unique properties.
Also, it is not only auxetic systems that could benefit
through the concepts proposed here since even non-auxetic
systems, including ones which exhibit other forms of
anomalous behaviour, could be similarly controlled.
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