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Modern advanced manufacturing technologies have made possible the tailored design and fabrication
of complex nanoscale architectures with anomalous and enhanced properties, including mechanical and
optical metamaterials; structured materials which are able to exhibit unusual mechanical and optical
properties that are derived from their geometry rather than their intrinsic material properties. In this
work, we fabricated for the first time an ultrathin 2D auxetic metamaterial with nanoscale geometric fea-
tures specifically designed to deform in-plane by using focused-ion-beam milling to introduce patterned
nano-slits within a thin membrane. The system was mechanically loaded in-situ and exhibited in-plane
dominated deformation up to 5% tensile strain and a Poisson’s ratio of —0.78. Furthermore, the porosity
and aperture shape of the metamaterial have been shown to change considerably upon the application
of strain, with pore dimensions showing a fourfold increase at 5% strain. This mechanically-controlled
tuneability makes this metamaterial system an ideal candidate for use as a reconfigurable nano-filter or

a nano light-modulator.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, ground-breaking advances in the field of rapid
prototyping have contributed to the realization of micro- and
nano-architectured materials which were previously unachievable
using traditional macro-scale manufacturing processes. Depend-
ing on the geometric complexity, dimensionality, scale, resolu-
tion and material requirements of the micro-/nanostructure in
question, a variety of advanced fabrication techniques may be
used nowadays to produce small scale architecture systems [1,2].
These include a wide range of stereolithography methods [3-
6], droplet deposition systems [7], self-assembly macromolecules
[8,9] and vat photopolymerization [10,11] techniques amongst oth-
ers. Nanoscale systems produced using these methods have been
shown to possess a wide spectrum of remarkable characteris-
tics such as plasmonic properties [12,13], piezoelectric capabilities
[14] and mechanically-derived anti-microbial activity [15]. Focused
ion-beam lithography is one method which particularly shows a
great deal of promise for the design of patterned small-scale archi-
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tectures. In this technique, the substrate is bombarded with heavy
ions, typically Ga*, resulting in surface modifications. Depending
on the resistance and ion speed, the substrate is sputtered, milled
or implanted with the colliding ions. Due to the high precision
and resolution of this method, FIB is extremely well suited towards
the design of architectures with nano-scale geometric parameters
and is currently widely used for micro-machining of nanotools [16-
18] as well as for advanced 3D microstructural analysis of materials
including depth and cross-section profiling [19-21].

This technique has also been employed to produce plasmonic
metamaterials [22-24] where by exploiting nano apertures or
etches produced using FIB milling, one may alter the refractive
index of the surface material. Thus far, a number of geometries
have been proposed, both 2D and 3D, using a variety of patterns,
ranging from etched structures [25], complex periodic hole net-
works [26,27], spiral chiral structures [28-31] and truss networks
[32]. The majority of patterned geometries produced thus far us-
ing FIB milling are designed primarily for rigid-body situations,
i.e. they are not implemented for applications where the metama-
terial surface or structure is expected to undergo significant de-
formation. This, in turn, limits the versatility and tuneability of
these structures since once the perforated and/or etched architec-
ture of the system is established following manufacture, the over-
all porosity and aperture shapes of the metamaterial cannot be
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Figure 1. SEM images of a) full metamaterial geometry and b) a zoomed in repeating unit (indicated by dashed lines) from a unit cell near the centre of system before the

application of tensile strain.

changed without re-modifying the geometry using similar or other
nanofabrication methods. In view of this, the advantages of having
a deformable micro-/nanostructure are undeniable since a system
with reconfigurable aperture sizes and shapes could in turn pos-
sess tuneable optical properties through the application of an ex-
ternal stimuli such as mechanical loads [33] or electrically-induced
actuation [12,34].

Two-dimensional auxetic [35-37] metamaterials present a par-
ticularly ideal fit for this purpose. Many of these systems, which
possess a negative Poisson’s ratio as a result of their structure
rather than intrinsic material properties, are porous and, further-
more, the planar void area and pore shape of these systems may
be easily controlled through the application of mechanical load-
ing. Deformation mechanisms leading to auxetic behaviour are also
scale-independent, meaning that a mechanism which is active at
the macroscale should be reproducible at lower levels such as the
micro- and the nanoscale. A large spectrum of auxetic mechanisms
exist in literature with diverse deformation modes including chiral
[38,39], rotating rigid unit [40,41], re-entrant [42,43] and sliding
mechanism [44] systems. However, reproducing these geometries
with nanoscale lattice parameters presents a number of difficult
challenges from both a design and fabrication viewpoint. For exam-
ple, residual stress effects during FIB-milling make the precise fab-
rication of structures with thin, slender ligaments extremely diffi-
cult [31,45]. Another factor is that in order for a 2D auxetic system
to deform in a predominantly in-plane manner and hence exploit
its full auxetic potential, the depth dimension of the system must
be of sufficient thickness to avoid out-of-plane deformations. Since
FIB-milling can only be used to accurately perforate very thin films,
this means that the lattice parameters of the resultant mechani-
cal metamaterial must be of similar or smaller dimensions in or-
der to obtain a system which deforms solely in-plane. These prob-
lems were observed by Valente et al. [33] who used FIB-milling
to produce various micro- and nanoarchitectures based on classic
re-entrant honeycombs where due to design limitations the aux-
etic potential of these systems was significantly reduced owing to
these factors.

In this work, we manufactured a planar auxetic metamaterial
(shown in Fig. 1) using FIB-milling which overcomes these prob-
lems. The metamaterial deforms in-plane and exhibits a nega-
tive Poisson’s ratio of —0.78 over a 5% strain range. The system
was produced through the introduction of alternating slit perfora-

tions [46-49] arranged in a perpendicular manner with respect to
one another, resulting in a system which deforms via the rotating
squares [40| mechanism.

2. Methodology

A Tescan LYRA3 GM Ga™* FIB machine was used to produce pat-
terned slit perforations with a width, w, of 150 nm on a 360 nm
gold-plated silicon nitride membrane (200 nm Si3N, covered with
150 nm Au plating separated by a 10 nm Cr adhesion layer). The
slit perforations were designed with a length, p, of 8 um and a
separation distance, s, of 300 nm and the resultant square repeat-
ing unit has a length of ca. 8.9 um (see Fig. 1b). A total of 5 repeat-
ing units were milled in the x-direction, while 7 repeating units
were replicated in the y-direction. To minimise the interaction of
the pristine membrane with the manufactured metamaterial, ma-
terial removal was performed at the sides and at the top of the
structure, as shown in Fig. 1a. Additionally, with the aim of min-
imising out-of-plane deformations before and during the stretch-
ing test, a connection with the surrounding membrane was pre-
served at the top side. Care was taken to reduce concentrations of
stress by rounding any sharp corner, sites of potential crack initi-
ation and therefore origin of premature failures. The FIB manufac-
turing process of the sample slits and contouring was performed
using 30 keV of energy, at a current of 0.3 nA and ion dose of
1.0 x 10° ions/mm?. Using these FIB process parameters, the final
sample shape was obtained from the pristine material in about 2 h.

This configuration results in a self-mounted and supported
sample for the execution of a classic tensile test, but at the micro-
scale. The sample was loaded in displacement mode by means of a
nanomanipulator. This tool was manually inserted inside a custom-
sized round perforation (cut using the FIB) at the top part of the
sample and ‘welded’ together by a controlled deposition of plat-
inum through a Gas Injection System (GIS) embedded in the FIB-
SEM microscope, as illustrated in Fig. 1a. The system was subjected
to tensile strains by small stepwise actuation using the nanoma-
nipulator. At each step, the nanomanipulator was moved in the
y-direction by a small distance, and, while the nanomanipulator
was fixed in position, a high-resolution image was captured using
the SEM before moving on to the next actuation step. To evaluate
the Poisson’s ratio of the system, the axial and transverse defor-
mation of the central metamaterial repeating unit was evaluated
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Figure 2. a) SEM image of a central repeating unit of the silicon nitride FIB-milled system before and after deformation and b) linear regression of strain-strain graph for
the same system considering measurement errors (dashed lines indicate 95% confidence interval values using the Chi? test). Central repeating unit of ) the Finite Element
simulation and e) the rubber macroscale system at 5% strain. d) Poisson’s ratio vs engineering strain graphs for the silicon nitride, Kapton, rubber and FE simulation (error
bars are provided in the Supplementary Information). Images of the f) rubber and g) Kapton perforated metamaterial sheets mounted on the microtensile loader before the

application of tensile strain.

using post-processing image analysis tools in Matlab (see Supple-
mentary Information).

3. Results and discussion

The system was found to possess a Poisson’s ratio of approxi-
mately —0.78 for tensile strains ranging from 0 to 5% (see Fig. 2b).
The Poisson’s ratio was also revealed to be more or less constant
over this strain range. As one may observe from Fig. 2a, where the
deformation of one of the central repeating unit is shown, the in-
plane rotation of the square units is plainly visible and there is
no marked ‘shadowing’ indicating that components of the system
are going out-of-plane. This deformation mode is characteristic of
the in-plane deformation of the rotating squares mechanism and
shows that despite the thinness of the membrane (d = 360 nm)
and the fact that the slit separation parameter, s, has a comparable
magnitude, this mechanism is functional over this strain range. In
order to confirm this observation, additional mechanical tests were
conducted on macro-scale systems corresponding to the FIB-milled
metamaterial. These systems were made from rubber and Kapton

and were fabricated using direct laser cutting by employing a Uni-
versal® Laser Cutter. The slits were set to ca. 300 um thick and
the systems were loaded using a Deben® microtensile loading de-
vices as shown in Fig. 2f,g. Further details on the manufacturing
process of these systems may be found in the Supplementary In-
formation section. The rubber and Kapton systems represent two
extremes of the joint region thickness, s, to out-of-plane thickness,
d, ratio of system. While both systems were designed with an s
value of 400 pm, the out-of-plane thickness of the rubber sheet
was 1000 pwm whereas that of the Kapton sheet was 75 pum re-
sulting in d/s ratios of 2.5 and 0.188 respectively. In addition, a
nonlinear 2D Finite Element (FE) simulation of a system identical
to the FIB-milled metamaterial under plane-stress conditions was
conducted as well (see Supplementary Information).

As evident from Fig. 2d, the Poisson’s ratio values of the
macroscale rubber metamaterial and the micro-/nanoscale FIB-
milled metamaterial are extremely similar. Both systems also show
values which are in very good agreement, albeit slightly lower in
magnitude, in comparison to the FE simulation, which, as expected,
shows a constant Poisson’s ratio of —1 over 5% strain. The de-
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Figure 3. a) Pore parameters as measured from the central pore of the central repeating unit of the system and plots showing how the b) pore/void surface coverage, c)
maximum pore dimension and d) maximum particle spherical diameter which may pass through the pore vary with increasing tensile strain.

formed shape of all three systems at 5% strain are also almost com-
pletely identical as shown in Fig. 2a,c,e. On the other hand, the
Poisson’s ratio of the Kapton system, which has a very low out-of-
plane to ‘joint’ region thickness ratio, varies significantly with re-
spect to the other three systems. In fact, the Poisson’s ratio of this
system is not constant throughout and the system exhibits diminu-
tive auxetic behaviour at strains lower than 2% before switching to
a positive Poisson’s ratio. This behaviour arises due to the fact that
rather than rotating with respect to one another, the square units
bend and stretch out-of-plane in a wave-like manner. This be-
haviour has previously been observed and reported in macroscale
rotating square systems which are either extremely thin or in sys-
tems where the rotating mechanism has reached its fully-opened
conformation [50]. Besides the loss of auxeticity, this type of de-
formation also results in the formation of irregularly-shaped aper-
tures upon loading which are not directly oriented with the main
plane in which the system is loaded. This is in complete contrast
to that observed for the systems which deform predominantly in-
plane. For these systems, the apertures take the shape of rhom-
bic pores when the system is loaded, with the geometric dimen-
sions of the pores being directly controlled by the extent of applied
strain.

As mentioned previously, the extent of mechanically control-
lable porosity and void shape is a crucial factor in determining the
potential of this system for use as a reconfigurable optical meta-
material. In Fig. 3, we quantify this variability in pore size of the
FIB-milled metamaterial system in terms of the maximum rhombic
pore dimension, pmax, the percentage void area, %Ay, and the max-
imum diameter of a spherical body, ds, which can pass through
the pore at a given strain for the central repeating unit of the sys-
tem. These parameters were measured and/or calculated using im-
age analysis tools in Matlab. The surface void percentage area, %Ay,
is defined as the total surface void area of a repeating unit over

total overall repeating unit area percentage and pmax as the p, di-
mension of the pore (see Fig. 3a). The latter dimension, along with
the other pore parameter p;, was used to calculate the maximum
permissible diameter of a passable spherical body, ds, using the fol-
lowing equation:

2 2
D1 D1 D2
now T now T T/ P1mW

This equation takes into account the fact that the pore has a
rectangular shape at ¢, = 0 with non-zero porosity and that a min-
imum pore thickness of w is retained at all times during deforma-
tion at the two corner regions of the pore defining the p, parame-
ter. Further information on the pore analysis methods is presented
in the Supplementary Information.

As shown in Fig. 3b, the void surface area of the system nearly
doubles upon the application of 5% tensile strain, rising from
nearly 7.5% up to 14%. This large difference over such a small strain
range is possible due to the quasi-closed configuration of the sys-
tem which results in a very small initial porosity as well as the fact
that the rotating squares mechanism is inherently characterised
by large variation in pore dimensions upon loading [51]. Natu-
rally, this increase in overall pore area is followed by a relatively
small decrease in the maximum pore dimension, which shows a
reduction of ca. 200 nm in magnitude from an initial length of
8 um (see Fig. 3c). Given the high sensitivity of optical proper-
ties of nano-structured metamaterials to nanometric lattice param-
eters, the large changes in porosity and aperture shape observed
in this system could make it ideal for use as a reconfigurable plas-
monic metamaterial which may be potentially implemented as a
UV, visible light or IR modulator. Another point of interest which
is worth mentioning is the large change in the permissible maxi-
mum spherical diameter passable through the metamaterial pores.
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As shown in Fig. 3d, the ds value rises from an initial value of
150 nm (equal to the slit thickness) up to a value of 620 nm at
5% strain. This fourfold increase, coupled with the alignment of
the pore surface area with the xy-plane, indicates that this meta-
material system could be extremely well suited for use in minute-
scale filtration applications, in particular as a mechanically-induced
tuneable nano-filter for small particulate matter or microbes.

At this point, it is important to comment on the effect of FIB-
milling damage on the metamaterial geometry. As reported in the
pertinent literature [19,45,52], the layer affected by the FIB can
span from a few to several nanometres in terms of thickness. In
particular, it has been experimentally observed and simulated that
for very small grazing angles of the ion beam (e.g. 10°), the dam-
aged layer is generally thinner than ~30 nm [45,53]. Although
this dimension is rather limited, it is important to note that it
is approximately one tenth of the in-plane separation distance
(300 nm) and therefore, being 20% of the total joint thickness, may
have an impact on the elastic behaviour of the entire metamaterial
structure. Although, in this case, this effect does not appear to play
a significant role in determining the deformation mechanism and
Poisson’s ratio of the system, it is expected to have a significant in-
fluence on the stiffness and strain tolerance of this metamaterial.
A full investigation of this effect is beyond the scope of this study;
however, it would be of great interest in the future to examine
closely this aspect of FIB-milling on the mechanical performance
of micro-/nano-architectured metamaterials.

Before concluding, it is worth highlighting the fact that the
functionality of the planar metamaterial fabricated here is estab-
lished primarily by smart design of the system. It is well-known
in the field of auxetic metamaterials, that the design of thin-sheet
2D mechanical metamaterials which deform primarily in-plane en-
tails a considerable challenge even at the macroscale in view of the
inherent propensity of thin systems to undergo out-of-plane defor-
mations. In addition to this, the use of an ultra-thin membrane, the
milling resolution constraints and the amplified effect of manufac-
turing residual stress factors at the nano-scale, present substan-
tial hurdles to the design of the system which make the choice
of base metamaterial geometry and lattice parameters an essential
factor in ensuring that the desired functionality is achieved. The
rotating square mechanism designed through the introduction of
alternating straight-line slits is particularly ideal for this purpose.
The geometry is relatively simple to mill, in terms of the required
ion-beam pathway, hence reducing the number of possible defects,
while it does not contain any ligaments, like other classic auxetic
systems such as chiral and re-entrant honeycombs, which must be
suitably thin (i.e. length to thickness ratio > 10) in order for the
system to deform in an auxetic manner. Moreover, the system also
has few degrees of freedom for in-plane deformation which makes
it extremely resistant [54] to changes in deformation mechanism
as a result of minor defects such as uneven thickness of the slit
perforation or slight deviations from the proper positioning of the
cut. Finally, provided that the length, p, of the perforation is very
long in comparison to the other lattice parameters, the extent of
out-of-plane deformation is determined by the separation param-
eter, s, which must be of smaller or comparable magnitude to the
out-of-plane thickness of the system, d, to ensure in-plane domi-
nated deformation. In this case, the d/s ratio was 1.2, which guar-
antees that the system undergoes mainly in-plane deformation at
small strains, although the fact that this ratio is very small sug-
gests that this might not remain the case in the event that signif-
icantly higher tensile loading is applied, provided that the system
can tolerate such loads without fracturing. Another advantage of
using this slit perforated geometry is that, besides the small initial
porosity, milling/fabrication of the system takes considerably less
time than it would take for a corresponding area perforated system
due to the relatively small surface area which must be removed.

Lastly, it is also important to mention that while the metamate-
rial was actuated in-situ using a nanomanipulator in this work,
this is not the only method through which micro-actuation may
be induced. Recent advances in MEMS and NEMS research sug-
gest that actuation could also be potentially electrically or ther-
mally induced [12,34,55,56], while studies on macroscale magnetic
mechanical metamaterials [57,58] could also provide a viable route
towards the development of suitable micro-actuation devices.

The work conducted in this study could potentially be used
as a blueprint for the design of two-dimensional nano-porous re-
configurable metamaterials. Although the base design of the ro-
tating square geometry was used in this study, previous works
on macroscale auxetic systems [46,49,50] have shown that a vari-
ety of slit perforation patterns exist which may be used to design
planar nanostructures based on similar deformation modes. This
could potentially open up the possibility of manufacturing nanos-
tructured metamaterials with a wide range of aperture shapes and
sizes which can be reconfigured through actuation, particularly if
the slit patterning is based on a metamaterial with the potential
to exhibit a large negative Poisson’s ratio. Obviously, the out-of-
plane thickness size limitations and material failure criteria high-
lighted previously for the design of this metamaterial would also
apply for these systems and would need to be overcome in order
to realise these geometries at such as small scale. However, this
study has shown that if these factors are taken into account dur-
ing the pre-design phase and the necessary precautions for correct
loading of the metamaterial are employed, then the fabrication of
similar metamaterials based on more complex and challenging ge-
ometries should not prove an unattainable objective. Such meta-
material geometries with highly tuneable pore shapes and sizes at
such a small scale would be ideal for implementation as recon-
figurable optical metamaterials, of which current designs found in
literature have already shown promise for possible future use as
electromagnetic cloaking devices [59]. In addition, the added ver-
satility of these metamaterials could also be potentially advanta-
geous for applications involving filtration of micro- or nanoscopic
particles with a variety of shapes and sizes.

4. Conclusion

To summarise, in this work we have designed for the first time
an ultrathin 2D auxetic metamaterial which deforms primarily in-
plane using FIB-milling. We tested the system in-situ by actuation
stimulated through the use of a nanomanipulator and observed its
deformation using SEM. The metamaterial exhibits a negative Pois-
son’s ratio of —0.78 and the deformation of this system was anal-
ysed by comparison with corresponding FE simulations and exper-
imental tests on macroscale thick and thin metamaterials made
from rubber and Kapton respectively. An analysis of the porosity
and aperture shape changes upon loading of the system showed
that the porosity of the system nearly doubles over a 5% tensile
strain range, while the maximum permissible diameter of a spher-
ical particle passing through the apertures increases fourfold, with
ranges from 150 nm to 600 nm. These properties make these sys-
tems ideal candidates for implementation as reconfigurable plas-
monic metamaterials as well as for use in nanofiltration applica-
tions and also highlights the vast unexplored potential of replicat-
ing macro-scale 2D auxetic mechanisms at the micro- and nano-
level.

Data Availability Statement
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