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Abstract

This monograph-styled thesis includes material published in two peer-reviewed
articles, along with one article uploaded on arXiv, which is currently in preparation
for submission. Each of these works constitutes a separate chapter. The primary
objective of this thesis is to explore mechanical instabilities in inhomogeneous soft
auxetic structures, with a specific emphasis on controlling the onset of wrinkles and
their directions at desired locations.

Auxetics, also known as negative Poisson’s ratio materials, exhibit expansion (or
contraction) in all directions when stretched (or compressed), unlike conventional
materials. This unique characteristic finds applications in various fields such as
bioprosthetics, energy harvesting, flexible electronics, and sports helmets. Our
study investigates the finite strain deformation behavior of auxetic structures under
different loads, revealing complex surface patterns due to tailored distribution of
material properties, essential for their practical applications.

As a proof of concept, we investigate the wrinkling behavior of functionally-
graded or inhomogeneous auxetic structures under various loading conditions. This
includes (a) studying the wrinkling of thin and soft functionally-graded auxetic
membranes under in-plane tensile loads, (b) designing instabilities in inflated circular
and square auxetic membranes under uniform pressure loading, and (c) investigating
the wrinkling instability of 3D isotropic auxetic bilayer systems under tension.

Additionally, we present initial findings on the influence of loading direction
in cylindrical bilayer systems, the effect of microstructural geometry on wrinkling
instability in thin rectangular sheets, and experimental results on 3D printed thermo-
plastic polyurethane auxetic samples subjected to uniaxial tension. These findings
are compared with our Finite Element simulations.

In summary, we demonstrate that by tailoring the spatial inhomogeneities of
the Young modulus and Poisson ratio along with the direction of loading, we can
produce non-trivial wrinkling patterns at targeted locations in auxetic structures.
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Chapter 1

Introduction

1.1 Auxetics: Context and Relevance

Under small uniaxial tension, most isotropic materials elongate in the direction of

applied stress and contract in the lateral directions. The extent of deformation is

governed by the value of the Poisson ratio, an intrinsic material property.

Figure 1.1 Deformation behaviors of non-auxetic and auxetic structures under uniaxial
tensile load, adapted from Ji et al. (2018), are shown in Panels (a) and (b), respectively.
Panels (c) and (d) illustrate a bioinspired auxetic structure based on a butter�y pattern and a
periodic cell arrangement of a butter�y-shaped honeycomb structure, sourced from Zhang
et al. (2021).

Arti�cially designed materials with negative Poisson's ratio thicken laterally

when stretched, in contrast to classical elastic materials, which become thinner in

1



Introduction

the directions lateral to an applied loading direction, see Figure 1.1. Over the past

few decades, an active research effort has been carried out to explore materials with

a negative Poisson ratio. These exotic materials are referred to as "auxetic" materials

or structures.

Auxeticity can be achieved by changing the microstructure of the unit cell. In

Figure 1.2, we show that by shifting one of the external vertices in a honey-comb

shaped non-auxetic structure, we obtain a �sh-scale type structure with a zero

Poisson ratio (La Magna and Knippers, 2018). Further, this can be transformed into

a re-entrant structure with a negative Poisson ratio, an auxetic structure.

Figure 1.2 The effect of micro-structure on the Poisson ratio of unit cells, adapted from
La Magna and Knippers (2018). (a) Honeycomb structure with a positive Poisson ratio,
n > 0. (b) Fish-scale structure with a zero Poisson ratio,n = 0. (c) Re-entrant structure with
a negative Poisson ratio,n < 0.

Auxetic structures have been studied in several �elds, including ferromagnetics

(Popereka and Balagurov, 1970), crystal elasticity (Milstein and Huang, 1979), foam

structures (Lakes, 1987), microporous materials (Evans and Caddock, 1989), and

composites (Milton, 1992).

Theoretically, for linear isotropic materials satisfying the pointwise energy sta-

bility criterion, the Poisson ratio can take values between -1 and 0.5 for three-

dimensional solids (Love, 1944; Timoshenko, 1953). For two-dimensional solids

in plane stress state, such as membranes, the allowable Poisson's ratio value lies

between -1 and 1 (Wojciechowski and Brańka, 1989). In constrast, Poisson's ratio

for anisotropic structures has no bounds (Ting and Chen, 2005), which explains why

some biological tissues are auxetic (Bowick et al., 2001; Frolich et al., 1994; Lakes,

2001).
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Auxetic materials can be fabricated using additive manufacturing techniques

such as powder bed fusion (King et al., 2015; Sun et al., 2017) or subtractive

manufacturing techniques such as laser cutting for thin structures (Bhullar et al.,

2017; Mueller et al., 2013). Recently, solution electrospinning has been used to

produce auxetic biomembranes (Ahmadi Bonakdar et al., 2023). With the rapid

advancement in additive manufacturing techniques, even complex auxetic structures

can be produced at large scales in a short time.

Figure 1.3Examples of applications and behaviors for auxetic materials. (a) Body organs,
characterized by inherent anisotropy, often exhibit auxetic behavior. This makes auxetics
ideal for dynamic organ patches, as their unique property allows them to adapt and perform
more effectively than conventional patches (Chansoria et al., 2022). (b) Hip implants can be
designed to include regions with a negative Poisson ratio to minimize retraction from the
bone under biomechanical loading (Kolken et al., 2018). (c) Auxetic tubular lattice stents
exhibit increased ductility compared to conventional diamond tubular lattices (Jiang et al.,
2022). (d) Auxetic patches glued onto balloon membranes can undergo larger deformations
than conventional patches, a property which can help with the healing of puncture wounds to
the bladder for example (Chansoria et al., 2022).

With a careful design of voids or holes at the micro-scale, auxetic properties can

be obtained at the continuum level. Such materials, obtained as the juxtaposition of

geometric units or micro-cells, exhibit auxetic properties at the macro-scale emerging

from the architecture of the micro-scale (Bertoldi et al., 2017; Lakes, 1993).
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Auxetic structures are employed in biomedical applications like arterial pros-

theses (Caddock and Evans, 1995), "smart" bandage with anti-in�ammatory drug

(Alderson and Alderson, 2005), arti�cal intervertebral disks (Martz et al., 2005),

shoe material for diabetic patients (Park et al., 2005), drug-eluting stents (Dolla et al.,

2006), oesophageal stents (Ali et al., 2014), hip implants (Sanami, 2015), skin grafts

(Gupta et al., 2022), dynamic organ patches (Chansoria et al., 2022), and others

(Scarpa, 2008).

Negative Poisson's ratio materials are also used as seat-cushion materials (Lowe

and Lakes, 2000), shock absorbers (Park et al., 2007), aircraft structures (Alderson

and Alderson, 2007), blunt trauma attenuating body armour (Critchley, 2015), com-

pliant actuators (Lazarus and Reis, 2015), compliant grippers (Kaur and Kim, 2019),

blast-resistant sandwich panels (Kalubadanage et al., 2021), and superhydrophobic

materials with unique wetting properties (Armstrong et al., 2023).

Thanks to their high impact resistance (Cho et al., 2019), enhanced fracture

toughness (Sanami et al., 2014), and synclastic curvature (La Magna and Knippers,

2018), auxetic structures also �nd applications as protective shields in sports helmets.

Figure 1.4Bending behavior and indentation resistance of various structures. (a) This panel
contrasts conventional structures, which exhibit anticlastic curvature, with auxetic structures,
which show synclastic curvature, as illustrated in La Magna and Knippers (2018). The
distinct synclastic behavior of auxetic materials suggests potential applications in designing
sports helmets and other protective gear. (b) Improved indentation resistance of auxetic
structures compared to non-auxetic structures, from Cho et al. (2019).
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Due to the wide range of applications for auxetics across various disciplines, see

Figure 1.3 and Figure 1.4, researchers have shown signi�cant interest in understand-

ing their �nite strain behavior under mechanical loads.

1.2 Nonlinear elastic membranes

Figure 1.5Examples of applications and behaviors for nonlinear elastic membranes (source:
https://commons.wikimedia.org/). (a) Sunshields in the James Webb Space Telescope. (b)
Balloon in�ation in angioplasty. (c) In�atable airbags in cars.

In this work, we de�ne a membrane as a two-dimensional elastic continuum with

negligible bending rigidity that cannot endure in-plane compressive stresses and

immediately loses mechanical stability when subjected to such forces (Cerda et al.,

2002; Hagedorn and DasGupta, 2007; Roddeman et al., 1987; Timoshenko and Gere,

1961).

Nonlinear elastic membranes have been extensively used as engineering struc-

tures in aerospace and civil engineering, due to their thin, lightweight and excellent

resistance under tension, with solar sails, airbags, and balloons being some of the rep-

resentative examples (Fu et al., 2016; Fung, 1990; Jenkins, 2001). Soft tissues such
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as skin and arterial cell walls also fall under this category (Evans, 2009). Common

materials used for structural membranes include natural rubber and Polyethylene

(Volokh, 2011). Some of the applications of nonlinear elastic membranes in different

�elds can be seen in Figure 1.5.

1.3 Bilayer systems

Compliant substrates coated with thin-layered stiff �lms (bilayers) are commonly

found in Nature. For example, skin tissue consists of a thin, stiff epidermal layer

attached to a thick, soft dermis (Feng et al., 2022), see Figure 1.6.

Figure 1.6 Examples of bilayer systems found in nature (source:https://commons.
wikimedia.org/). (a) Confocal microscopy image showing a thin epidermis layer attached to
a thicker dermis layer. (b) Schematic illustration of a phospholipid bilayer with hydrophilic
circular heads and hydrophobic wavy tails.

When subject to mechanical loads, bilayer systems can exhibit surface patterns

through wrinkles. This instability phenomenon has found a broad range of appli-

cations, in optical sensors (Bowden et al., 1998), novel �exible electronics (Khang

et al., 2006; Wagner et al., 2004; Zhang et al., 2019), tunable phase gratings (Harrison

et al., 2004), buckling-based metrology (Huang et al., 2007; Stafford et al., 2004),

surface wetting (Lin and Yang, 2009), and for buckling-related applications in soft

matter (Crosby, 2010). Figure 1.7 shows some applications of wrinkling in bilayers.
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Figure 1.7 Examples of applications for bilayer systems. (a) The left panel presents an
illustration of a conformable electronic surface integrated into a stretchable substrate. This
design features cells or pixels with electro-mechanical capabilities, interconnected by �exible
and stretchable metallic waves, as described by Wagner et al. (2004). The right panel
showcases smart �exible electronics tailored for advancing neuroscience research, speci�cally
aimed at monitoring abnormal electrical activity (source: Chen et al. (2021)). (b) The top
panel shows the wrinkle formation in a silica (Si) �lm bonded to a PDMS substrate due to
compression. The schematic demonstrates that the thickness of the �lm affects the buckling
wavelength: the narrower the ribbon, the shorter the wavelength. In the bottom panel, stacked
AFM plane-view images display buckled Si ribbons with increasing thickness from top to
bottom (source: Khang et al. (2009). By analyzing the wavelength of the wrinkles, it is
possible to determine the elastic modulus or thickness of the �lm, which is valuable in the
spin-coating process (Huang et al., 2007).

1.4 Instability-driven applications

Buckling is a classical elastic instability, generally associated with structural compo-

nents like slender columns, membranes, and shells subjected to compressive forces.

When the level of in-plane compression exceeds the critical limit, structural elements

lose their stability to deform in an abrupt and unstable manner. Ever since Euler

(1744) �rst determined the critical buckling load of a column, the subject of buckling

has attracted signi�cant attention in engineering design, with a particular focus on

preventing failure and enhance structural safety.

For over a century, buckling has also been recognized as a key factor for mor-

phological changes in the biological structures (Crosby, 2010; Kollmann, 1883).

A notable example is the formation of �ngerprints, see Figure 1.8, caused by the

buckling of a rapidly growing interfacial basal layer between dermis and epidermis

(Garzón-Alvarado and Ramírez Martinez, 2011; Kücken, 2007).
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