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Random auxetics from buckling fibre networks

S. Domaschke® 2, A. Morel® 3, G. Fortunato® & A.E. Ehret® 12

Auxetic materials have gained increasing interest in the last decades, fostered by auspicious
applications in various fields. While the design of new auxetics has largely focused on meta-
materials with deterministic, periodically arranged structures, we show here by theoretical
and numerical analysis that pronounced auxetic behaviour with negative Poisson’s ratios of
very large magnitude can occur in random fibre networks with slender, reasonably straight
fibre segments that buckle and deflect. We further demonstrate in experiments that such
auxetic fibre networks, which increase their thickness by an order of magnitude and more
than quintuple their volume when moderately extended, can be produced by electrospinning.
Our results thus augment the class of auxetics by a large group of straightforwardly
fabricable meta-materials with stochastic microstructure.

1 Empa, Swiss Federal Laboratories for Materials Science and Technology, Experimental Continuum Mechanics, 8600 Dibendorf, Switzerland. 2ETH Zurich,
Institute for Mechanical Systems, 8092 Ziirich, Switzerland. 3 Empa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory for
Biomimetic Membranes and Textiles, 9014 St. Gallen, Switzerland. *email: alexander.ehret@empa.ch

NATURE COMMUNICATIONS | (2019)10:4863 | https://doi.org/10.1038/s41467-019-12757-7 | www.nature.com/naturecommunications 1


http://orcid.org/0000-0002-8405-7711
http://orcid.org/0000-0002-8405-7711
http://orcid.org/0000-0002-8405-7711
http://orcid.org/0000-0002-8405-7711
http://orcid.org/0000-0002-8405-7711
http://orcid.org/0000-0002-8245-2291
http://orcid.org/0000-0002-8245-2291
http://orcid.org/0000-0002-8245-2291
http://orcid.org/0000-0002-8245-2291
http://orcid.org/0000-0002-8245-2291
http://orcid.org/0000-0002-8740-8900
http://orcid.org/0000-0002-8740-8900
http://orcid.org/0000-0002-8740-8900
http://orcid.org/0000-0002-8740-8900
http://orcid.org/0000-0002-8740-8900
mailto:alexander.ehret@empa.ch
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

aterials with negative Poisson’s ratios do not contract

but expand transverse to the direction of extension

when stretched. They were termed! auxetic and the
utilisation of their unusual behaviour has been attributed great
potential in various technical fields, including medical, protective,
sensor and filter applications?. The evidence for negative Pois-
son’s ratios in some directions of crystals dates back to the 19th
century>4, but the interest in the phenomenon of auxeticity has
strongly increased? since structures with notably negative Pois-
son’s ratios were reported>®, and auxetic polymeric foams’ and
sheets® were demonstrated in the 1980s. While the origin of
auxetic behaviour can be associated with different physical
processes”10, the majority of macroscopically auxetic materials
owe this peculiar behaviour to mechanisms occurring at lower
length scales and governed by particular microstructures.
Therefore, by taking control over the microstructure to achieve
negative Poisson’s ratios in man-made materials, a wide range of
auxetic meta-materials has been designed (cf. refs. »1%11), and
their realisation particularly profits from the recent advances in
additive manufacturing techniques!'?. The vast majority of these
designs rely on highly deterministic, periodic lattices of repeating
unit cells, whose auxetic behaviour often follows from purely
geometric design principles!3. Notwithstanding, auxetic char-
acteristics can occur in less ordered systems such as sheets with a
random pattern of cuts'4, pruned planar random networks!>,
crumbled sheets and foils!®17, and self-entangled, very long single
wires!8. Eventually, negative out-of-plane Poisson’s ratios were
observed for few quasi-planar fibrous materials, such as paper!?,
certain non-woven fabrics?” or sintered stainless steel mats?!, and
the effect was attributed to a reversal of structural alterations
induced during the manufacturing process, in particular, to the
straightening of curved fibres?223, or to the erection of tilted fibre
columns?4.

Here, we report on a pronounced auxetic effect occurring in
random fibre network structures with predominantly planar fibre
disposition. Different from other auxetic mechanisms in such
fibrous materials reported before, this behaviour is caused by the
out-of-plane buckling of transversely oriented fibre segments with
high aspect ratio. Specifically, our theoretical analysis shows that
the corresponding out-of-plane Poisson’s ratios may easily take
values way below —100. What is more, we demonstrate that a
particular type of such super-auxetic networks, consisting of
fibres with few hundred nanometres in diameter, can be produced
by the process of electrospinning. In line with the analytical
model, the experimental analysis of these auxetic nanofibrous
non-woven membranes reveals negative Poisson’s ratios with very
large magnitude and a considerable increase in membrane
thickness that is not compensated by the lateral contraction, so
that the longitudinal extension is accompanied by a strong,
several-fold increase in volume (Supplementary Movie 1). Finally,
we perform multi-scale computer simulations to rationalise the
observed behaviour, and thus exemplify their use as a tool to
design and analyse random fibre networks as stochastic meta-
materials with tailored auxetic behaviour.

Results

Buckling causes gigantic auxetic behaviour of fibre networks.
When a network of slender fibre segments is uniaxially extended,
some fibre segments realign with the direction of elongation, and
the network undergoes lateral contraction (cf. ref. 2°). As a con-
sequence, transverse fibre segments are subjected to compressive
loads and, eventually, buckle?®?’. We hypothesised that the
deflecting buckled segments drastically increase the distance that
they span out-of-plane, and that the network expands through the
collective response of many fibres. In order to illustrate and study

this behaviour qualitatively, an affine structural modelling
approach?® (“Methods”) was employed to compute the kinematic
responses for a fibre network with different aspect ratios
a =1I;/dg. The fibre segments with length I, and diameter dp
(Fig.la) were modelled as initially co-planar with isotropic
orientation distribution within the plane and with linear elastic
properties. When the critical buckling load of an Euler elastic
beam is reached, they deflect by an amount u calculated from a
post-buckling analysis?®. Similar as in plane triangulated truss-like
structures?’ the buckled segments are assumed to deflect pre-
ferably out-of-plane in a quasi-planar or layered network, due to
the constraints imposed by the surrounding fibres. Therefore, the
segments increase their total height from dy to dp + u (Fig. 1a).
Averaging over all fibre segments, the response to uniaxial tensile
loading with free lateral contraction was computed (Fig. 1b, c),
and the stretches in width (1,) and thickness direction () were
calculated for a given longitudinal extension (A,). Both the cor-
responding out-of-plane engineering and tangent Poisson’s ratios
predicted by the theoretical model are strikingly negative and take
values below —100 for the aspect ratios considered here (Fig. 1d,
Supplementary Fig. 1). Finally, ] = A;1,A; was calculated as a
measure of network volume change and takes values up to 8
(Fig. le). The results demonstrate that the balance between lateral
contraction and out-of-plane expansion, that governs the volume
change, depends on the state of longitudinal extension (Fig. 1b, ¢),
so that the the volume gain is characterised by a maximum
(Fig. 1e). Since the deflection increases with a, while the critical
buckling load decreases, the aspect ratio affects both the position
and magnitude of this maximum as well as the onset of the auxetic
behaviour, whereby lower ratios reduce and retard the effect
(Fig. 1e). The sharp onset of the auxetic effect is caused by the
buckling instability, and is expected to be much smoother in real
networks (cf. Figs. 2, 3), due to the dispersion of a, imperfections,
initial curvature, as well as additional bending moments and
normal force components at the segment ends (cf. ref. 39). The
large discrepancy between the tensile forces needed to extend a
slender fibre and the compressive forces required to make it
buckle suggests that a smaller fraction of fibres inclined towards
the loading direction would be sufficient to cause the out-of-plane
deflection of transversally oriented fibre segments. We therefore
hypothesised that the initial fibre orientation is another deter-
mining factor that controls the auxetic effect. The in-plane
orientation of the fibres was thus defined through a von-Mises
distribution, where an increasing concentration parameter b
indicates stronger initial alignment with the axis of loading and
b =0 represents the isotropic distribution considered before
(Fig. 1e). The modelling results show that the fraction of buckled
fibres at a given extension is strongly affected by their initial
orientation (Supplementary Fig. 2), and that, indeed, a lower
fraction of fibres oriented towards the loading direction (b < 0) is
sufficient to elicit substantial network expansion (Fig. 1f), thus
suggesting that the initial fibre distribution can be adjusted to
maximise the volume gain under tension in a given range of
deformation.

Nano-fibrous auxetic membranes produced by electrospinning.
Fibre networks with aspect ratios a in the order expected to elicit
noticeable auxetic behaviour can be produced by electrospinning.
To illustrate that these materials show the forecasted effects,
mats with uniform in-plane fibre distribution were electrospun
from poly(L-lactide) (PLLA), a typical biodegradable polymer for
biomedical applications!. The analysis of the electrospun
membranes by scanning electron microscopy (SEM) revealed
connections between fibres (Fig. 2e, Supplementary Fig. 3), which
might originate in adhesion3? or fusion, that act as cross-links of
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Fig. 1 Theoretical model of the auxetic mechanism. a With network extension, longitudinally oriented segments reorient and subject transversal ones (green)
to compressive loads, so that they buckle and deflect out of plane (x3) with a maximum deflection u. b, ¢ Lateral in-plane (1,) and thickness, i.e., out-of-plane
(A3) stretches vs. longitudinal stretch A, for different segment aspect ratios a = I;/d. d Engineering Poisson'’s ratio 2,3 computed from (c). e Volume
changes J computed from (b, ¢). f Effect of initial segment orientation of segments with aspect ratio a = 20, specified by the concentration parameter b of

the von-Mises distribution. Increasing values of b indicate alignment with the longitudinal axis, pictograms show polar plots of the distributions

the network, and that separate the fibres into segments. In order
to reduce the aspect ratio a, a set of networks was treated with
solvent vapour after spinning with the aim of increasing the
number of cross-links between adjacent fibres33, thus decreasing
the length of fibre segments. Strips of the untreated reference and
post-treated electrospun mats were tested in uniaxial tension,
while longitudinal extension, lateral contraction and thickness
change were determined by means of top and side view cameras,
that capture the tremendous expansion of the untreated mat
(Fig. 2a). The comparison between the determined sample heights
of untreated reference and post-treated samples clearly demon-
strates the reduced thickening after exposure to solvent vapour
(Fig. 2b). Estimates of the ratio between final and initial thickness,
based on optically determined sample height at 0% and 10%
extension (“Methods”), and on the mean initial thickness mea-
sured with a surface profiler (95.5 um, 81.6 pm), take values of
about eleven for the reference and two for the post-treated net-
work (Fig. 2c). Taking into account the corresponding width
ratios, this translates to a total increase of volume by factors
higher than five for the reference and about two for the cross-
linked network (Fig. 2c). The corresponding Poisson’s ratios for
the reference network (Fig. 2d, Supplementary Fig. 1) confirm the
theoretically predicted range of large, negative values. Con-
comitant with much less macroscopic reduction in width
(Fig. 2c), SEM reveals lower segment reorientation (Fig. 2g, h) of
the post-treated compared to the reference networks (Fig. 2e, f).
Moreover, these images show the presence of buckled segments
(Fig. 2f, h, j, 1) in both cases, but with typically reduced length and
deflection after post-treatment (Supplementary Fig. 4). The
coincidence of this attenuated fibre deflection with the reduced
auxetic behaviour of post-treated mats (Fig. 2¢) provides further

supporting evidence for buckling as the main mechanism that
causes the large negative out-of-plane Poisson’s ratios (Fig. 2d).
Altogether, the experimental results confirm that the auxetic
behaviour and volumetric expansion predicted by the theoretical
analysis, indeed exist as an intrinsic property of electrospun
networks with appropriately slender fibre segments, and even
occur with the anticipated orders of magnitude. In view of the
versatility of the technology and the range of base materials that
can be processed by electrospinning’4, this opens up a wide
design space for nanofibrous stochastic auxetic meta-materials.

Exploring auxetic network design by computational analysis.
Similar as for auxetic meta-materials with deterministic
structures!33%, computational tools can help exploring the space
of possible auxetic network designs, and support the rational
analysis of existing ones. In particular, multiscale models allow
virtual testing and thus provide access to information beyond
experimental feasibility. To showcase this, we studied the effects
of fibre tortuosity and inelasticity on the auxetic behaviour by
means of a 3D finite element model of electrospun networks??,
that overcomes the assumptions of affinity and prescribed
buckling modes inherent to the idealised analytical model. Uni-
axial tension simulations for a reference material with low fibre
curvature, i.e., nearly straight segments and mean segment aspect
ratio @ = 17.67 qualitatively capture the in-plane fibre reor-
ientation (Fig. 3a, b), the buckling fibres that push apart the
originally layered structure out-of-plane (Fig. 3c, d), and the
overall increase of volume observed in experiments (Fig. 2).
Moreover, the simulations confirm that the total height of fibre
segments in the stretched state correlates with their initial
orientation, in particular, that longitudinal segments remain close
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Fig. 2 Auxetic electrospun networks. a Sketch of the experimental set up with representative pictures of the top and side camera at 0% strain and at a
stretched state. Scale bar: 2 mm. b Diagram showing the evolution of the thickness for applied strain A, of the reference and post-treated networks. ¢ Ratios
of volume, thickness and width between 10 and 0% strain show significant differences between reference and post-treated mats (p < 0.01, two-sided
Mann-Whitney U-tests). d Engineering Poisson's ratio i7;3. Data in b, ¢ and d are given as mean and standard deviation (shaded area, error bars) calculated
from N =5 tensile tests. e-l Fibre reorientation, thickness increase and buckling segments observed in top (e-h) and side (i-I) view scanning electron
microscopy of reference network at 0% (e, i) and 10% (f, j) strain, and of post-treated network at 0% (g, k) and 10% (h, ) strain (representative images).
Pictograms in (e-h) show polar plots of descriptive von Mises distributions. Yellow circles point to examples of buckled segments. Larger images of
networks are shown in Supplementary Fig. 4. Dashed lines indicate top and bottom edges of the mats. Scale bar in (e-I) 80 pm

to their diameter dp, whereas transversal segments tend to
increase their total height several-fold (Fig. 3e). The simulations
thus provide further evidence that the auxetic effect is caused by
the preference for out-of-plane deflection of compressed fibre
segments. In fact, disturbing this particular buckling behaviour
through a modification of the fibre shape to planar sine waves
with shorter wavelength, concomitant with a facilitation of in-
plane deformations, reveals significantly less volume gain
(Fig. 3f). While the buckling of elastic beams is reversible, the

majority of polymers used in electrospinning have elasto-plastic
material properties. Therefore, the auxetic deformations become
at least partially permanent, and expansions remain after a load
cycle, as seen in experiments (Supplementary Fig. 5) and pre-
dicted by corresponding simulations with elasto-plastic fibres
(“Methods”, Fig. 3g). Hence, the computational study demon-
strates that the topological and material properties of the fibres
provide another means to tailor the network’s auxetic behaviour
towards the characteristics desired for a particular application.
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Fig. 3 Finite element simulations. a, b Close-up top view of a simulated network with dz =1 pm at 0% (a) and 10% (b) strain. ¢, d Close-up side view of a
simulated network at 0% (c) and 10% (d) strain. Scale bar in (a-d) 10 pm. Pictograms in (a, b) show polar plots of descriptive von Mises distributions.
e Scatter plot showing the total segment height at 10% strain vs. initial segment orientation displayed from — to 7 by use of symmetry. Trend line (red) to
guide the eye, obtained by fitting the first three terms of a Fourier series. Dashed lines separate the domains, in which segment stretches are tensile or
compressive, respectively, according to the affine model with aspect ratio a = 17.67. f Volume change for nearly straight segments (sine shaped fibres with
amplitude ap = 7 um and wavelength A = 150 um) and highly undulated segments (sine shaped fibres with a; = 2 um and Az =10 pm) with applied
stretch A;. g Volume change when loading and unloading a network with elastic (blue) and elastic-plastic (red) fibres, respectively, (ap =7 pm,

Ap =150 pum). The lower diagram shows the applied stretch A, over normalised time. Data in (f, g) are averages of N = 3 network realisations and given as

mean and standard deviation (shaded area)

Discussion

Despite the increasing availability of additive manufacturing
techniques such as 3D printing39, the fabrication of auxetic meta-
materials with highly controlled microstructures may remain a
limiting factor in their use and development?37, particularly on
larger scale. In this regard, the enrichment of the auxetic class by
the multifarious group of random fibre networks in general, and
by the easy-to-produce electrospun membranes in particular,
appears as a promising alternative route. In addition, the auxetic
behaviour of stochastic fibre networks reported here is accom-
panied by considerable increases in network volume with exten-
sion, and since the fibres’ total volume remains practically
constant, this entails a gain in porosity and thus alterations in
surface to volume ratio and transport properties>4. With regard to
electrospun networks, the temporary or permanent activation of
these alterations on demand thus suggests various useful appli-
cations from adjustable sieves3® to controllable drug-releasing
carriers3?, and scaffolds for tissue engineering with pore sizes that
allow for improved cell infiltration??,

The here discussed networks represent structures formed by
discrete and interconnected fibres. When considering the material
formed by the network as a macroscopic solid instead, the largely
layered disposition of fibres furnishes it with anisotropic material
symmetry, such as transverse isotropy in the case where fibres are
distributed randomly within the plane. Furthermore, the occur-
rence of buckling at the fibre segment scale provides this material
with non-linear macroscopic properties. The well-known ther-
modynamic limits that restrict the Poisson’s ratio of a linear
elastic isotropic material to the range between —1 and 0.5 do thus

evidently not apply*!#? although, noteworthy, the analytical
model used to study the auxetic effect agrees with these bounds
for small deformations, with in-plane Poisson’s ratio 1/3
corresponding to a planar isotropic rari-constant material#
(Supplementary Discussion and Supplementary Fig. 6).

The theoretical model and multi-scale computer simulations
revealed that thickness and volume expansion are elicited by
beam-like fibre segments, that buckle and undergo large geome-
trical changes when set under compression by other fibres which
realign under tension. Notwithstanding that the affine analytical
model attributes the potential for such behaviour to any type of
plane or multi-planar network with segments of appropriate
aspect ratio, some fibre and network morphologies might favour
the auxetic effect. As shown here by experiments and multiscale
simulations it is, for example, particularly pronounced in elec-
trospun networks which are composed of relatively straight and
long, quasi-continuous fibres. Intriguingly, however, the asym-
metry between the tension and compression responses of fibres,
and the particular kinematics of their networks were also found
responsible for large positive Poissons ratios (>5) and strong
volume reductions in soft biological tissue membranes under
tensile loads**. The combination of these results highlights even
more the wide range of properties achievable by random network
microstructures, with Poisson’s ratios far beyond the lower and
upper thermodynamic limits of a linear elastic isotropic material.

Methods

Affine model. In the reference state, all segments were modelled as straight slender
beams within the x;, x,-plane, with circular cross-section of diameter di and length

NATURE COMMUNICATIONS | (2019)10:4863 | https://doi.org/10.1038/s41467-019-12757-7 | www.nature.com/naturecommunications 5


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

I, = a dy, forming an angle ¢ with the x,-axis. With network deformation the
segment end-to-end vectors, i.e., the lines joining the end points of a segment, are
assumed to transform in an affine manner, thus changing their original length from
I, to r. The segment stretch A, = r/I; is thus given in terms of the network’s in-
plane principal stretches A, and A,, here conveniently aligned with the x; and
x,-axes, respectively, such that

M9 A dy) = /Xicostp + Asin®g. (1)

Under tension (A, > 1), the segment response is linear elastic with Young’s modulus
E. The compression response (A, < 1) is modelled by Euler buckling of a double-
clamped column?? with constant arc length I,. Deflection is assumed to occur in
x3-direction, with magnitude u in the segment centre (Fig. 1a) when the com-
pressive force F reaches the critical buckling force F,, = En®(dy/4a)” at

A, = 1 — (1/2a)’. Parametrising the segment along its arc length s, the post-
buckled shape is obtained from the solution of the differential equation?’
EId6/ds = —Fy, where 0 is the deflection angle, i.e., the angle between the tangent
at s and the end-to-end vector, I the second moment of inertia and y the deflection.
For a given 6, = 0(s = I,/4) F, u and A, calculate as (see ref. 2)

2
_ End;

F _a sin(%)dF
T 4a?

KOs u="g ) o) ®

Ki(6)

where K, (6,) = [7/2(1 — sin?(8,/2)sin®®) *d® and K, (6,) = [*/*(1 — sin?(6,/2) x
sinz(D)%dd) represent complete elliptic integrals of the first and second kind. The
Eq. (2) were solved for steps of 6, in a range 6, € [0,27/3] and, by interpolation,
the relations u = u(),) and F = F(),) were established. In the post-buckling state
(A < A,), the segment spans the total height d; + u(),), and a segment specific
thickness stretch

L) = {d+d—“> if A, <A1 else 3)
is defined. The force acting on the segment ends is then
F,(A) = {—F(,) if A < A, Endi(A, — 1)/4 else. (4)

Following the affine structural approach?’, the overall lateral force in x,-direction
is calculated by averaging over the normalised segment orientation density p, and
set to zero to account for the uniaxial tension state

m sin’g
:b) Fi(A(9,A,4,)) ——————
Po) (A1) 15 s
where p(¢; b) is given by the 7-periodic, i.e. double-wrapped von-Mises distribu-
tion with concentration parameter b and mean direction aligned with the axis of
loading?®. Equation (5) provides an implicit relationship between the stretches as
A, = f(A;). The thickness stretch A, of the network is then obtained by averaging
the segment specific thickness stretch

dg =0, (5)

P27
A= plesb) G(A(p,A1:4,)) do, (6)
and the volume change results as ] = A;1,A; for a given A,. Noteworthy, the
Young’s modulus appears as a linear factor in the segment force F, and does
therefore not influence the solution of Eq. (5). The lateral contraction and thickness
change can therefore be considered as a structural effect that, at least in the linear
elastic range, is independent of the single fibre material properties. The integrals
(Egs. (5, 6)) were solved numerically with Matlab (R2016b, The MathWorks Inc.,
Natick, MA, USA) for increments AA, of A, thus determining the corresponding
increments A),, Al;. While strictly, Poisson’s ratio is a material constant defined
for small strain linear elasticity, several generalisations for large strains have been
proposed (see ref. %). Here, an engineering Poisson’s ratio 5, defined through the
Poisson function?’, and the physically meaningful tangent Poisson’s ratio v,

1-A, C A, LAl
A1 BT Tam, T T, @

Vis =

were computed (Figs. 1d, 2d, Supplementary Fig. 1).

Electrospinning. PLLA pellets (3100HP Ingeo, Natureworks, USA) were dissolved
in dichloromethane (DCM, Macron fine chemicals, Avantor, USA) to form a 10%
polymer solutions (w/w). 2% (w/w) dimethylformamide (DMF, VWR chemicals,
USA) and 0.015% (w/w) tetraethylammonium bromide (TEAB, Sigma Aldrich,
USA) were added to increase relative permittivity and electrical conductivity,
respectively. Electrospun fibre mats (~250 x 250 mm?) were produced on a nee-
dleless pilot plant (Nanospider, NS 1WS500U, Elmarco, Czech Republic) equipped
with a spinning carriage module, in which the solution was poured. Parameters
used were an applied voltage of +20/—17kV, a reservoir speed of 480 mm/s, at a
controlled relative humidity of 20%, and a distance of 220 mm between source and
substrate.

Sample preparation and analysis. Two pieces of approximately 80 x 100 mm?
were cut from the central region of an electrospun mat. One of these samples

served as a reference whereas the other one was post-treated to increase the amount
of cross-links between the fibres and thus reduce the segment length. Based on the
recently reported effect of solvent vapour to weld adjacent fibres at cross-points®3,
the sample was stored in a desiccator for 180 min at room temperature together
with a bowl of 40 ml of DCM to saturate the environment with solvent vapour. To
avoid shrinkage, the membrane was clamped on each side. Reference sample
thickness was determined in ambient condition with a surface profiler (Dektak 150,
Veeco, USA) equipped with a tip of 2.5 um height by measuring the height dif-
ference between the top membrane surface laying on the substrate and the bare
substrate. It provided sample thicknesses of f§ = 96 + 16 um for the control
(reference) and tg = 82 + 10 um for the post-treated network (mean + std, N =7
measurements, respectively). 80 x 10 mm? specimens were cut from the 80 x

100 mm?2 samples with a scalpel. A black pen (GeoCollege Pigmentliner, Aristo,
Austria) was used to create several markers on the top surface of the samples to
facilitate optical strain measurement by digital image analysis.

Tensile testing. A custom tensile testing set-up equipped with two stepper motors
controlling the clamp displacement was used to conduct the test. Specimens were
mounted on two custom clampings, equipped with sandpaper to enhance grip and
closed by two screws each, leaving a free sample length of 60 mm. The displace-
ment of the two clamps was controlled to obtain a nominal strain rate of 0.1%/s.
Top- and side view images (1280 x 960 px?) of the deforming specimen were
recorded at an acquisition rate of 2 Hz during the experiment by two cameras
(GRAS-14S5C-C, Point Grey, Richmond, BC, Canada), synchronised and con-
trolled with LabVIEW (National Instruments, Austin, Texas, USA) code. The top
camera was equipped with a 55 mm lens (TEC-55, Computar, Cary, North Car-
olina, USA), the side camera with a 0.25x telecentric lens

(TECHSPEC® GoldTL™, Edmund Optics, Barrington, New Jersey, USA) pro-
viding a field of view of 33.024 x 24.768 mm?.

Image-based deformation analysis. Local deformations in the central region of
the specimen were determined from the acquired top-view and side-view images of
the deforming specimens. Features around the superficial markers of the top-view
images were tracked through the image sequences using a custom and calibrated
optical flow based algorithm (see ref. 4%), that provides the in-plane principal
stretches A, A,, representing the length and width ratio, respectively. From the
side-view images, the specimen height was averaged over a central 35 px wide
rectangular (For comparison, the side-view images in Fig. 2a show a 218 x 218 px?
cut-out). To this end, the grey-scale images were converted to binary with a
threshold level of 0.25 in Matlab to distinguish between network and background.
The number n,, of white pixels was counted and divided by the width of the strip.
With a pixel size of 25.8 pum the optically determined thickness was calculated by
P! = n /35% 25.8 um. After mounting, the thin specimens were slack and typi-
cally slightly tilted or twisted. When the clamps moved apart, the specimens
tightened and aligned within a plane, so that the side-view camera initially
recorded a decrease in the projected sample height t°P'. Making use of this, a taut
reference (zero-strain) state (A, =1, = 1; = 1) was defined post hoc from the
side-view images as the instance where this characteristic decrease stopped, typi-
cally at a minimum of ¢°P. Due to the high ratio of sample width to thickness
(around 100) a very small tilt of the side camera with respect to the specimen plane
leads to a significant difference of the projected height measured by the side camera
compared to the true thickness. Further uncertainty arises from the choice of the
threshold level when converting from grey scale to black and white. The expected
error was quantified by evaluating the difference € = £°" — t& between the optically
determined mean height ¢J*" in the reference state and that measured by the AFM-
profiler £ . € is treated as systematic error and subtracted from the height measured
by the camera so that t = t°P' — ¢. Estimates of the ratio between final (at 10%
strain) and initial thickness were calculated by dividing ¢ with the reference
thickness £, = t§, and the volume ratio was computed as A,1,¢/t,. Similarly,
tangent Poisson’s ratios 1,5 and ;5 were calculated (Eq. (7)), using A; = t/¢,.

Scanning electron microscopy. A custom-made tensile stage was used to stretch the
membrane in order to perform SEM of the fibre network in a predefined strain state.
For this purpose, rectangular specimens of 40 x 6 mm? were clamped in the stage
with an initial length of 25 mm and stretched to 10% strain by manually moving the
clamps with a gear system. The sample was coated with a layer of gold palladium
(10 nm thickness) by use of a sputter coater (Leica EM ACE600, Leica Microsystems,
Germany). The stage was installed inside the SEM chamber (Hitachi s-4800, Hitachi
High-Technologies Corporation, Japan) and imaging of the fibre networks was per-
formed with acceleration voltage of 2kV and a current flow of 10 pA.

Finite element simulations. A finite element model?’ specific for electrospun
materials was used to investigate the auxetic effect. Briefly, a three dimensional
structure of electrospun fibres, discretised with Timoshenko beam elements
(Type B31), is generated through an initial simulation step (Abaqus/Explicit 2016,
Dassault Systémes Simulia Corp., Johnston, RI, USA) where fibres with prescribed
material and shape properties are deposited on each other, similar to the manu-
facturing process in electrospinning. The driving mechanism behind the deposition
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is a body force whose magnitude is adjusted to obtain a desired porosity or mean
segment length. The single fibres were described by the fibre diameter (d = 1 um)
and sinusoidal in-plane shape in the reference configuration, with prescribed
amplitude o and wavelength Ap. Here, two sets of networks (N = 3, respectively)
with either nearly straight segments (ap = 7 um, Ay = 150 pm) or undulated
segments (o = 2 um, Ay = 10 pm) with dimensions of 300x 300x ¢ pm® and a
porosity of ¢ = 0.961 were generated (Fig. 3). The sets were characterised by
thickness ty and segment length a of 19.14 + 0.04 um and 17.67 +0.48 pm
(straight), and 19.59 + 0.4 um and 17.34 + 0.5 um (undulated), respectively
(mean and standard deviation). The fibre material behaviour was defined by
Young’s modulus E;; = 1500 MPa and Poisson’s ratio v = 0.4 in the elastic
case and additionally with the hardening slope K§ = 150 MPa and yield stress o} =
30 MPa for the elastic-plastic case?” in a geometrically non-linear frame. The
generated networks were used to conduct simulations of uniaxial tension experi-
ments with Abaqus/Explicit by prescribing the elongation (A,) of the virtual net-
work through homogeneous displacements at two opposite cross-sections,
homogeneous displacements and overall zero traction at the two lateral boundaries,
and unconstrained bottom and top surfaces?®. Simulation output, i.a. forces and
displacements at the nodes of the finite element mesh were saved at constant time
increments, starting with the reference frame. The current nodal positions were
extracted, imported into Matlab and for each segment the total segment height was
determined as the difference between maximal and minimal out-of-plane position
along the segment (Fig. 3e). A compact boundary enveloping the point cloud of all
nodes was computed by means of the ‘boundary’ command in Matlab, to obtain
the volume V taken by the virtual network sample at each time step, i.e., each
increment in longitudinal stretch A,. Dividing by the reference volume V|, obtained
from the first frame, the volume change V/V,, was computed (Fig. 3f, g). For
visualisation of results (Fig. 3a-d), ray-tracing software (POV-Ray, Persistence of
Vision Raytracer Pty. Ltd, Williamstown, VIC, Australia) was utilised.

Segment orientation distributions. To extract fibre orientation distributions from
SEM (Fig. 2e-h) and rendered simulation results (Fig. 3a, b), the multiscale
principal component analysis algorithm®’, implemented in Matlab®! was used. The
image-based distributions were approximated by 7-periodic von-Mises orientation
distribution functions p,,;%, whose concentration parameter b and mean angle ¢,
were identified by least-squares optimisation. Pictograms of the distribution were
generated from polar plots r = p /().

Statistics. Experimentally determined differences in the volume, thickness and
width between post-treated and untreated reference electrospun networks (Fig. 2c)
were evaluated by two-sided Mann-Whitney U-tests with Matlab.

Data availability
All relevant data are available from the authors upon request, and/or are included within
the main part and Supplementary Information.

Received: 12 February 2019; Accepted: 24 September 2019;
Published online: 25 October 2019

References

1. Evans, K. E,, Nkansah, M. A., Hutchinson, I. ]. & Rogers, S. Molecular network
design. Nature 353, 124 (1991).

2. Ren, X, Das, R, Tran, P., Ngo, T. D. & Xie, Y. M. Auxetic metamaterials and
structures: a review. Smart Mater. Struct. 27, 023001 (2018).

3. Voigt, W. Bestimmung der Elasticititsconstanten von Flussspath, Pyrit,
Steinsalz, Sylvin. Ann. Phys. 271, 642-661 (1888).

4. Love, A. E. H. A Treatise on the Mathematical Theory of Elasticity, Volume I
(Cambridge, 1892).

5. Gibson, L. J., Ashby, M. F., Schajer, G. S. & Robertson, C. The mechanics of
two-dimensional cellular materials. Proc. R. Soc. Lond. A Mat. 382, 25-42
(1982).

6. Almgren, R. F. An isotropic three-dimensional structure with Poisson’s ratio
= -1. ]. Elasticity 15, 427-430 (1985).

7. Lakes, R. Foam structures with a negative Poissonas ratio. Science 235,
1038-1040 (1987).

8. Caddock, B. D. & Evans, K. E. Microporous materials with negative Poisson’s
ratios. I. Microstructure and mechanical properties. J. Phys. D: Appl. Phys. 22,
1877-1882 (1989).

9. Greaves, G. N,, Greer, A. L., Lakes, R. S. & Rouxel, T. Poisson’s ratio and
modern materials. Nat. Mater. 10, 823-837 (2011).

10. Lakes, R. S. Negative-Poisson’s-ratio materials: auxetic solids. Ann. Rev.
Mater. Res. 47, 63-81 (2017).

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

41.
42.

Saxena, K. K., Das, R. & Calius, E. P. Three decades of auxetics research -
materials with negative Poisson’s ratio: a review. Adv. Eng. Mater. 18,
1847-1870 (2016).

Kolken, H. M. A. & Zadpoor, A. A. Auxetic mechanical metamaterials. RSC
Adv. 7, 5111-5129 (2017).

Borcea, C. & Streinu, I. Geometric auxetics. P. Roy. Soc. Lond. A Mat. 471
(2015).

Grima, J. N., Mizzi, L., Azzopardi, K. M. & Gatt, R. Auxetic perforated
mechanical metamaterials with randomly oriented cuts. Adv. Mater. 28,
385-389 (2016).

Reid, D. R. et al. Auxetic metamaterials from disordered networks. PNAS 115,
E1384-E1390 (2018).

Bouaziz, O., Masse, J., Allain, S., Orgéas, L. & Latil, P. Compression of
crumpled aluminum thin foils and comparison with other cellular materials.
Mater. Sci. Eng. A 570, 1-7 (2013).

Grima, J. N. et al. Tailoring graphene to achieve negative Poisson’s ratio
properties. Adv. Mater. 27, 1455-1459 (2015).

Rodney, D., Gadot, B., Martinez, O. R., DuRoscoat, S. R. & Orgéas, L.
Reversible dilatancy in entangled single-wire materials. Nat. Mater. 15, 72-77
(2016).

Stenberg, N. & Fellers, C. Out-of-plane Poisson’s ratios of paper and
paperboard. Nord. Pulp Pap. Res. J. 17, 387-394 (2002).

Thirlwell, B. E. & Treloar, L. R. G. Non-woven fabrics. part VI: Dimensional
and mechanical anisotropy. Text. Res. J. 35, 827-835 (1965).

Delannay, F. & Clyne, T. W. In Metal Foams and Porous Metal Structures (eds
Banhart, J., Ashby, M. F. & Fleck, N. A.), 293-298 (Verlag Metall Innovation
Technologie, Bremen, 1999).

Tatlier, M. & Berhan, L. Modelling the negative Poissonas ratio of compressed
fused fibre networks. Phys. Status Solidi B 246, 2018-2024 (2009).
Neelakantan, S., Tan, J.-C. & Markaki, A. E. Out-of-plane auxeticity in
sintered fibre network mats. Scripta Mater. 106, 30-33 (2015).

Verma, P., Shofner, M. L, Lin, A., Wagner, K. B. & Griffin, A. C. Inducing
out-of-plane auxetic behavior in needle-punched nonwovens. Phys. Status
Solidi B 252, 1455-1464 (2015).

Domaschke, S., Ziindel, M., Mazza, E. & Ehret, A. E. A 3D computational
model of electrospun networks and its application to inform a reduced
modelling approach. Int. J. Solids Struct. 158, 76-89 (2019).

Soares, J. S., Zhang, W. & Sacks, M. S. A mathematical model for the
determination of forming tissue moduli in needled-nonwoven scaffolds. Acta
Biomater. 51, 220-236 (2017).

Grima-Cornish, J. N., Grima, J. N. & Evans, K. E. On the structural and
mechanical properties of poly (phenylacetylene) truss-like hexagonal
hierarchical nanonetworks. Phys. Status Solidi B 254, 1700190 (2017).

Lanir, Y. A structural theory for the homogeneous biaxial stress-strain
relationships in flat collagenous tissues. J. Biomech. 12, 423-436 (1979).
Timoshenko, S. P. & Gere, J. M. Theory of Elastic Stability. (McCraw-Hill
Book Company, New York, 1961).

Rawal, A. et al. Creating three-dimensional 3D fiber networks with out-of-
plane auxetic behavior over large deformations. J. Mater. Sci. 52, 2534-2548
(2017).

He, C., Feng, W., Cao, L. & Fan, L. Crosslinking of poly(L-lactide) nanofibers
with triallyl isocyanutrate by gamma-irradiation for tissue engineering
application. J. Biomed. Mater. Res. A 99, 655-665 (2011).

Stachewicz, U., Hang, F. & Barber, A. H. Adhesion anisotropy between
contacting electrospun fibers. Langmuir 30, 6819-6825 (2014).

Li, H,, Zhu, C,, Xue, J., Ke, Q. & Xia, Y. Enhancing the mechanical properties
of electrospun nanofiber mats through controllable welding at the cross
points. Macromol. Rapid Comm. 38, 1600723 (2017).

Li, X. et al. Water filtration properties of novel composite membranes
combining solution electrospinning and needleless melt electrospinning
methods. J. Appl. Polym. Sci. 132, 41601 (2015).

Dagdelen, J., Montoya, J., DeJong, M. & Persson, K. Computational prediction
of new auxetic materials. Nat. Commun. 8, 323 (2017).

Papadopoulou, A., Laucks, J. & Tibbits, S. Auxetic materials in design and
architecture. Nat. Rev. Mater. 2, 17078 (2017).

Bertoldi, K., Vitelli, V., Christensen, J. & van Hecke, M. Flexible mechanical
metamaterials. Nat. Rev. Mater. 2, 17066 (2017).

Alderson, A. et al. An auxetic filter: a tuneable filter displaying enhanced
size selectivity or defouling properties. Ind. Eng. Chem. Res. 39, 654-665
(2000).

Sill, T. J. & von Recum, H. A. Electrospinning: applications in drug delivery
and tissue engineering. Biomaterials 29, 1989-2006 (2008).

Joshi, V. S, Lei, N. Y., Walthers, C. M., Wu, B. & Dunn, J. C. Macroporosity
enhances vascularization of electrospun scaffolds. J. Surg. Res. 183, 18-26 (2013).
Vannucci, P. Anisotropic Elasticity (Springer, 2018).

Ting, T. & Chen, T. Poissonas ratio for anisotropic elastic materials can have
no bounds. Q. J. Mech. Appl. Math. 58, 73-82 (2005).

| (2019)10:4863 | https://doi.org/10.1038/s41467-019-12757-7 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

43. Vannucci, P. & Desmorat, B. Plane anisotropic rari-constant materials. Math.
Method. Appl. Sci. 39, 3271-3281 (2016).

44. Ehret, A. E. et al. Inverse poroelasticity as a fundamental mechanism in
biomechanics and mechanobiology. Nat. Commun. 8, 1002 (2017).

45. Lanir, Y. Constitutive equations for fibrous connective tissues. J. Biomech. 16,
1-12 (1983).

46. Mardia, K. V. & Jupp, P. E. Directional Statistics, chap. 3, 25-56 (John Wiley
and Sons, Ltd, 2000).

47. Beatty, M. F. & Stalnaker, D. O. The Poisson function of finite elasticity. J.
Appl. Mech. 53, 807-813 (1986).

48. Alderson, K. L., Alderson, A. & Evans, K. E. The interpretation of the strain-
dependent Poisson’s ratio in auxetic polyethylene. J. Strain Anal. Eng. Des. 32,
201-212 (1997).

49. Hopf, R. Modeling of Highly Deformable Structures and Materials for
Biomedical Applications. (Doctoral Thesis, ETH Zurich, 2016).

50. Feng, X. & Milanfar, P. Multiscale principal components analysis for image
local orientation estimation. In Conference Record of the Thirty-Sixth
Asilomar Conference on Signals, Systems and Computers, vol. 1, 478-482
(IEEE, 2002).

51. Milanfar, P. Local orientation estimation software (2007). https://users.soe.
ucsc.edu/milanfar/software/local-orientation.html [last accessed 6 Dec 2018].

Acknowledgements

The authors thank Dr. R. Hopf and Dr. M. Ziindel for supporting the optical analysis of
strain and fibre reorientation, A. Wahlsten for support with the tensile testing set-up, and
Professors Dr. E. Mazza and Dr. R M. Rossi for helpful discussions. The work of S.D. was
partially supported by the Swiss National Science Foundation (project no. 182014), A.M.
was supported by the Swiss Competence Center for Materials Science and Technology

(CCMX).

Author contributions

S.D. and AE.E. developed the concepts, established the models, analysed the results, pre-
pared the figures and wrote the manuscript. S.D. implemented the models, performed the
simulations, and conducted the mechanical tests. A.M. and G.F. developed the fibre spin-
ning and post-treatment approaches, A.M. prepared the electrospun fibre mats and per-

formed the SEM and surface profiler analyses. All authors discussed the results, commented
on the manuscript and approved the final version. A.E.E. coordinated the study.

Competing interests

S.D. and A.E.E. are the inventors of a technology related to contents of this article, that
has been filed for patent by their employer as EP17201061. A.M. and G.F. declare no
competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-12757-7.

Correspondence and requests for materials should be addressed to A.E.E.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

8 | (2019)10:4863 | https://doi.org/10.1038/541467-019-12757-7 | www.nature.com/naturecommunications


https://users.soe.ucsc.edu/milanfar/software/local-orientation.html
https://users.soe.ucsc.edu/milanfar/software/local-orientation.html
https://doi.org/10.1038/s41467-019-12757-7
https://doi.org/10.1038/s41467-019-12757-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Random auxetics from buckling fibre networks
	Results
	Buckling causes gigantic auxetic behaviour of fibre networks
	Nano-fibrous auxetic membranes produced by electrospinning
	Exploring auxetic network design by computational analysis

	Discussion
	Methods
	Affine model
	Electrospinning
	Sample preparation and analysis
	Tensile testing
	Image-based deformation analysis
	Scanning electron microscopy
	Finite element simulations
	Segment orientation distributions
	Statistics

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




