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ABSTRACT

Auxetic materials are new class of materials exhibiting negative Poissons
ratio. This unusual behavior results in improvement of mechanical properties such
as energy absorption capability. This research focuses on design of auxetic materials
in order to enhance and control mechanical properties. Mechanical design of auxetic
structures has been developed for both high and low stiffness applications. For
high stiffness applications, auxetic structures were designed to be used for making
auxetic materials. Among several auxetic structures, re-entrant structures have been
selected due to their potential of modeling auxetic materials. The basic mechanical
properties and impact characteristics have been determined using analytical and
numerical methods. The analytical formulation has been validated by finite element
analysis whereas the numerical results have been corroborated against experimental
results. For validation, the basic mechanical properties and energy absorption capacity
have been compared accordingly to subsequently carry out further analyses. As
additional results, dynamic analysis of viscoelastic structures under impact loading
was also demonstrated to examine the amount of impact resistance. For low stiffness
applications, negative Poissons ratio polyurethane foam was precisely fabricated
through a modified fabrication process which later involved experimental works to
measure and control the mechanical properties. The effects of fabrication parameters
namely hydraulic pressure, heating temperature and time on auxeticity of specimens
have also been investigated. More importantly, a new method based on image
processing technique has been proposed for measuring Poissons ratio of foam. In
addition to this, energy absorption capability of auxetic foam was measured by using
a high speed camera and falling weight system. Overall, the results highlight the
pronounced effect of unit cell cross section and unit cell angle on the auxeticity and
energy absorption characteristics. The primary outcome of this thesis is development
of auxetic structure design for high stiffness application and modification of fabrication
process of auxetic foam. Furthermore, the results demonstrated the importance of

analyzing auxetic foam-filled thin-walled tubes as part of an energy absorbing system.



vi

ABSTRAK

Bahan-bahan auxetik adalah bahan kelas baru yang menunjukkan nisbah
Poisson bernilai negatif. Keadaan perilaku luar biasa bahan ini menghasilkan
pembaikan bagi sifat mekanikal seperti keupayaan penyerapan tenaga. Kajian ini
memberi tumpuan kepada rekabentuk bahan auxetik bagi meningkatkan dan mengawal
sifat-sifat mekanikal. Rekabentuk mekanikal bagi struktur auxetik telah dibangunkan
untuk kedua-dua aplikasi kekakuan tinggi dan rendah. Untuk aplikasi kekakuan
tinggi, struktur auxetik telah direkabentuk untuk diguna dalam pembuatan bahan
auxetik. Di antara beberapa struktur auxetik, struktur berbentuk lekukan telah dipilih
disebabkan potensinya di dalam penghasilan bahan auxetik. Sifat mekanikal asas
dan karakternya terhadap hentaman telah ditentukan dengan menggunakan kaedah
analitik dan berangka. Persamaan yang dianalisis telah disahkan dengan analisis unsur
tak terhingga manakala keputusan berangka telah ditentusahkan terhadap keputusan
eksperimen. Untuk pengesahan, sifat mekanikal asas dan kapasiti penyerapan
tenaga telah dibandingkan sejajarnya untuk seterusnya melakukan analisis lanjut.
Sebagai keputusan tambahan, analisis dinamik bagi struktur viskoelastik di bawah
bebanan hentaman juga telah ditunjukkan untuk memeriksa jumlah rintangan terhadap
hentaman. Untuk aplikasi kekakuan rendah, busa auxetik telah dihasilkan secara
teliti melalui proses fabrikasi yang diubahsuai yang mana kemudiannya melibatkan
kerja-kerja eksperimen untuk mengukur dan mengawal sifat-sifat mekanikal. Kesan
parameter pembuatan iaitu tekanan hidraulik, suhu dan masa pemanasan bagi spesimen
keauxetikan juga telah disiasat. Yang lebih penting lagi, satu kaedah baru berdasarkan
kepada teknik pemprosesan imej telah dicadangkan untuk mengukur nisbah Poisson
bagi busa. Tambahan lagi, keupayaan penyerapan tenaga busa auxetik telah diukur
dengan menggunakan sebuah kamera berkelajuan tinggi dan sistem kejatuhan berat.
Secara keseluruhannya, hasil keputusan memberikan penekanan kepada kesan yang
jelas daripada keratan rentas and sudut bagi sel unit terhadap keauxetikan dan ciri-ciri
penyerapan tenaga. Hasil utama tesis ini adalah pembangunan rekabentuk struktur
auxetik untuk penggunaan kekakuan tinggi dan pengubahsuaian proses pembuatan
busa auxetik. = Tambahan pula, keputusan ini telah menunjukkan kepentingan
menganalisa busa auxetik yang dimasukkan ke dalam tiub berdinding nipis sebagai

sebahagian daripada sistem penyerapan tenaga.
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CHAPTER 1

INTRODUCTION

1.1 Background of the Research

Modern technology requires new materials of special and improved properties.
One of the reasons for interest in materials of unusual mechanical properties comes
from the fact that they can be used as matrices to form composites with other materials
with other required properties, e.g. electric, magnetic, etc. A new field of structural
mechanics is to study materials exhibiting negative Poisson’s ratio (NPR). These new
types of materials are known as auxetic materials. In contrast to conventional materials
(like rubber, glass, metals, etc.), auxetic materials expand transversely when pulled
longitudinally and contract transversely when pushed longitudinally (Prawoto, 2012).
Some of the important mechanical properties such as indentation resistance, energy
absorption capacity, impact resistance, fracture toughness, fatigue toughness and
shear strength are mainly dependent on Poisson’s ratio (Prawoto, 2012). Due to the
unique characteristic of negative Poisson’s ratio in improving these properties, auxetic
materials are excellent in the great number of structural applications. For instance,
they have great potential to meet many needs of medical, military, automotive and
textile industries where indentation resistant and energy absorbing material are
required. From the mechanics of material point of views, when an object impacts an
auxetic material and compresses it in one direction, the auxetic material also contracts
laterally in which material flows into (compresses towards) the vicinity of the impact,
as shown in Figure 1.1 (Evansand Alderson, 2000a). As such, it creates an area of

denser material, which is more resistant to indentation. The previous investigation



showed that re-entrant foams have higher yield strength and less stiffness than
conventional foams with the same original relative density. It has also been further
proven that re-entrant foams indeed densify under indentation due to increase in shear
stiffness. Figure 1.1 depicts the deformation behaviours of both conventional and

auxetic materials when subjected to impact compressive loading.

(a) (b)

Figure 1.1: Deformation behavior of materials. (a)Auxetic (b) Conventional

The application of auxetic material in energy absorbing structures could be
divided into two main aspects; low stiffness and high stiffness applications. From
automotive design aspects, auxetic materials can be used for bumpers, cushions,
thermal protection, sounds and vibration absorber parts those need shear resistant,
fasteners, etc. Nevertheless, for low stiffness application, auxetic materials need
substantial porosity (Prawoto, 2012). Thereby, this type of material has low stiffness
compared with the solids. Thus, there are some limitations in the structural
applications of using materials with negative Poisson’s ratio. Consequently, for
applications that require substantial load-bearing, they are probably not the best

choice.

In order to fabricate auxetic man-made materials from conventional ones,
substantial porosity is required (Prawoto, 2012). For instance, low density polymeric
foam such as polyurethane foam has great potential to be used in producing auxetic
materials. Due to considerable porosity of these materials, their stiffness is
considerably low. Therefore, they can be used only for low stiffness applications such

as automotive bumper. To improve the energy absorption capacity in low stiffness



application, the present study has duly modified the fabrication technique to meet the

higher level of energy absorption capability.

However, for high stiffness applications such as vanes for gas turbine engine,
artificial skin, and artificial blood vessel, they are not proper choices. Recently,
attempt has been done to design and fabricate auxetic structures experimentally. These
structures in micro level can be used for making high stiffness auxetic materials.
Owing to the lack design guideline for the high stiffness application, the present study
has extensively investigated the mechanical properties and energy absorption capacity
of auxetic materials using finite element technique in conjunction with experimental

and analytical approaches.

1.2 Statement of Problem

Energy absorption and impact resistance of materials are among important
mechanical properties which can facilitate various industries such as automotive,
aerospace and biomedical industries. In particular, lightweight materials with high
energy absorption capability are desirable in designing crashworthy structures.
Auxetic materials as new class of materials have the potential to absorb more energy
compared to conventional materials. In point of view of automotive design, the
available crush zone of frontal structure is still limited to sustain the adverse effect of
impact. It is indispensable to include a unique material as supplementary material
which may absorb impact load with higher capacity under limited crush zone. Due to
the unusual characteristic of auxetic material, it can be one of the best candidates to

be applied in automotive design.

Furthermore, there is insufficient data to understand in-depth the behaviour of
auxetic material in open literature. Although a large number of experimental works
have been done on auxetic materials, only few of them have focussed on the
theoretical aspect and finite element modelling technique, particularly in energy
absorption applications (Zi-Xing Lu, 2011).To comprehend the mechanical

characteristics of auxetic material, finite element approach has been comprehensively



employed in this present research. Also, in spite of a number of continuous modified
fabrication methods of auxetic foams for low stiffness application, further
modification is still necessary. For the abovementioned research problems, the present
research has attempted to design and develop auxetic materials analytically,
numerically and experimentally. Such approaches have been adopted to develop
reliable and accurate finite element model which can represent the actual behaviour
of the auxetic materials. Introducing modified fabrication method and new technique
in measuring mechanical properties have also been highlighted throughout the study.

1.3 Objectives of the Research

This research focuses on determination of mechanical properties and energy
absorption capability of auxetic structures and auxetic materials. It primarily
emphasizes on the geometrical design of auxetic structures for high stiffness
applications and improvement of fabrication method of auxetic foams for low stiffness

applications. This present study embarks on the following objectives.

a) To develop 3D models of auxetic structures for high stiffness applications.

b) To determine basic mechanical properties of auxetic structures.

c) To determine the effect of viscoelastic material on impact resistance of auxetic
structures.

d) To establish fabrication process of auxetic foams and methods for measuring
important mechanical properties in low stiffness applications.

1.4 Scope of the Work

In general, scopes of this research are divided into two sections namely auxetic

materials for high stiffness applications and for low stiffness applications.

The scope for high stiffness applications is as follows.



b)

d)

f)

b)

To determine basic mechanical properties of the auxetic structures by using
energy methods: Castigliano’s theorem and virtual work. Among different
shapes of auxetic structures, re-entrant structures and starhoneycomb are
studied.

Explicit finite element code Abaqus is employed in finite element modelling
of the auxetic structures.

Mathematical formulation of auxetic structures is developed as a guideline for
auxetic structural designers. Poisson ratios, elastic modulus, and density ratio
of star honeycomb re-entrant structures are formulated. For calculating the
coefficients of the formulas, finite element modelling is used.

In order to increase energy absorption capacity of auxetic structures, a
viscoelastic material is included into the auxetic structure. The structure is
then subjected to impact loading and dynamic analysis is carried out using
continuum mechanics. Maxwell and Kelvin-Voigt models are used for
modelling viscoelastic material. Numerical solution and MATLAB software
are employed to solve nonlinear-coupled differential equations.

Different 3D re-entrant structures and conventional structures are fabricated
using 3D printing machine for assessment energy absorption of auxetic and
conventional structures. The material is ABS.

By using Abaqus software, finite element modeling of the auxetic structures
in case of impact loading and quasi-static loading is carried out to obtain

specific energy absorption and impact resistance of different structures.

The scope for low stiffness applications is as follows.

Fabrication of conventional polyurethane foam by mixing two components
named Polyol and Isocyanate and pouring the mixture inside a mold. The
weight ratio of the component is 60% polyol and 40% Isocyanate.
Fabrication of auxetic foam specimens from the conventional foam through a
modified fabrication process. Manufacturing parameter includes hydraulic
pressure, heating time, and heating temperature. The effect of the
manufacturing parameters on the auxeticity of the specimen is examined. Four
hydraulic pressures and four heating temperatures are used to fabricate sixteen

(16) auxetic specimens with different properties.



c) Determination of Poisson’s ratios of the auxetic specimens by using image
processing technique in MATLAB software. A high speed camera model
phantom V710 is used for capturing the photos.

d) Determination of energy absorption capacity and impact resistance of the
specimens by using two methods: a high speed camera and a special impactor
system equipped with an accelerometer.

e) Determination of energy absorption capacity of auxetic foam-filled tube and
conventional foam-filled tube. Among the fabricated auxetic foams, the most
higher energy absorption capacity is chosen for filling the aluminum tube. The
auxetic foam-filled tube is subjected to uniaxial compression test to obtain
energy absorption capacity and comparison is made with conventional foam-
filled tube.

1.5 Significance of the Study

Previous studies of auxetic materials and structures shows that analytical study
and finite element work in this area is still limited and sparse, thus needing further
development (Zi-Xing Lu et al, 2011). In this present study, a new auxetic structure
named 3D re-entrant auxetic structure was developed. Analytical and finite element
work has been done on the structure. In analytical work, energy methods was used
which can be deemed as an alternative approach in auxetic material computation. The
results provide a theoretical and imaginary basis for those interested in the research of
auxeticity concept. Also, the analytical results can be used to design auxetic structures

with desired mechanical properties.

In experimental section of this research, a modified fabrication method for
fabricating auxetic polymeric foams was established which can contribute to fabricate
more uniform auxetic specimens compared to the previous published methods. Also,
a new approach based on image processing technique was used for measuring
Poisson’s ratio of flexible materials such as auxetic foam specimens. Since this
method is economical and more accurate, this can be considered as one of the

significance outcome of this research. More importantly, two new methods were



developed for measuring energy absorption of low stiff materials such as foams. This

also reveals the significance of this research.

1.6 Contribution of the Research

The contribution of this research is highlighted as follows.

a)

b)

d)

The developed fabrication method of auxetic foams can be used in several
industries. For instance, it can be used in automotive industry to fabricate
auxetic foam for improving energy absorption capability of bumpers.
Developed analytical formulation for the 3D auxetic structure can be used to
design auxetic structures with controllable mechanical properties.

An accurate and reliable method was established to measure Poisson’s ratio of
foam. The method can contribute to foam-manufacturing companies to measure
Poisson’s ratio of different types of foams.

Two methods were used to measure energy absorption and impact resistance of
foam. By changing the mass of impactor or initial height of impactor and using
an image processing technique, it is possible to obtain true stress versus true
strain curves for different values of strain rate. The presented experimental data
can be used to be included in finite element modelling of the auxetic foam.

1.7 Organization of the Thesis

The present thesis is organized into seven chapters. The content of each

chapter is outlined as follows.

Chapter 1 presents an introduction of this thesis. It includes the research

background, problem statement, objectives, scopes, and significance as well as

contributions of the research.



Chapter 2 focuses on a literature study of auxetic materials. Previous works
on fabrication methods of these materials is addressed. Geometrical structures for
modelling of these materials were then reviewed. Subsequently, previous studies of
formulation, testing, mechanical properties, and application of the mentioned

materials were also highlighted throughout this chapter.

Chapter 3describes the methodologies used in the present research. The
methodologies include theoretical, experimental, and computational methodology.
Also, the structure and logical flow of the research are outlined at the end of the

chapter.

Chapter 4 is devoted to analytical solution and finite element approach for
calculation of basic mechanical properties of auxetic structures. Among different
geometrical structures, re-entrant structure is selected because of its high potential for
modelling auxetic materials. The mentioned structure is analysed theoretically and
computationally in both 2D and 3D cases. In theoretical part, energy methods such as
Castigliano’s theorem and virtual work are used. Also, Abaqus software is used for

finite element modelling.

Chapter 5 deals with application of viscoelastic materials in auxetic industry
in order to re-increase energy absorption capability. In this chapter, re-entrant star
honeycomb structures are used to simulate the auxetic behavior. A viscoelastic
component was then added to the structure. Maxwell and Kelvin-Voigt models were
employed to model the viscoelastic part. The structure is subjected to linear and
nonlinear impacts. The response of the structure is obtained for both viscoelastic

models and compared.

Chapter 6treats the energy absorption capability of auxetic structures and
materials. It includes two sections as the following:

In the first section, finite element and experimental methods were used to
obtain impact resistance and energy absorption of auxetic structures. In finite element
modelling, several re-entrant structures with different geometrical parameters were
modelled for calculation of impact resistance and energy absorption. Also, energy

absorption capability of non-auxetic structures was calculated and compared with that



of auxetic ones. In experimental section, different structures were first produced by
using 3D printing machine. The models were then subjected to uniaxial compression

test. Elastic modulus and energy absorption of each model was calculated.

In the second section, a modified method is employed to fabricate auxetic
polymeric foams. In this method, polymeric foam specimens are compressed triaxially
by hydraulic oil pressure. After compression, the specimens are put inside special
molds and then placed inside an oven to heat up to a temperature around softening
temperature for a special time. After that, the specimens are removed and cool down
in room temperature. A number of auxetic specimens with different volumetric
compression, heating time and heating temperature are fabricated by this method. To
measure Poisson’s ratio of the specimens accurately, image processing method is
used. Experimental work is carried out to measure the impact resistance and energy
absorption capacity of the specimens. The effect of hydraulic pressure, and heating
temperature on impact resistance and energy absorption capability of the auxetic

foams is investigated.

Chapter 7sums up the research project and the suggestions for future research

works are also presented.



REFERENCES

Aizawa, T., Prawoto, Y., & Tsumori, F. (2002). Coupled, macro—micro modeling for
hot deformation and sintering. Journal of computational and applied
mathematics, 149(1), 307-324.

Alderson, A. (1999). A triumph of lateral thought. Chem. Ind, Vol. 10, pp. 384-391.

Alderson, A., and Alderson, K. (2009). Auxetic materials. J. Aerospace Eng, Vol.
221, pp. 565-575.

Avellaneda, M., & Swart, P. J. (1998). Calculating the performance of 1-3
piezoelectric composites for hydrophone applications: an effective medium
approach. The Journal of the Acoustical Society of America, 103(3), 1449-1467.

Alderson, A., and Alderson, K. L. (2007). Auxetic materials. Proc IME G, J. Aero.
Eng, Vol. 221, pp. 565-575.

Alderson, A., Rasburn, J., Evans, K. E., and Grima, J. N. (2001). Auxetic polymeric
filters display enhanced de-fouling and pressure compensation properties.
Membrane Technol. Vol. 137, pp. 6-8.

Alderson, K. L., Alderson, A., Webber, R. S., and Evans, K. E. (1998). Evidence for
Uniaxial Drawing in the Fibrillated Microstructure of Auxetic Microporous
Polymers. J. Mater. Sci. Lett, Vol. 17, pp. 1415-14109.

Alderson, K. L., Simkins, V. R., Coenen, V. L., Davies, P. J., Alderson, A., and
Evans, K. E. (2005a). How to make auxetic fibre reinforced composites. Phys.
Stat. Sol., (b), Vol. 242, pp. 509-518.

Alderson, K. L., Webber, R. S., and Evans, K. E. (2007). Microstructural evolution
in the processing of auxetic microporous polymers. Phys. Stat. Sol.,(b), Vol. 244,
pp. 828-841.

Alderson, K. L., Webber, R. S., Kettle, A. P., and Evans, K. E. (2005b). A novel
fabrication route for auxetic polyethylene. Part 1: processing and microstructure.
Polym. Eng. Sci, Vol. 45, pp. 568-578.



185

Aldred, P., Moratti, S. C. (2005). Dynamic simulations of potentially auxetic liquid-
crystalline polymers incorporating swivelling mesogens. Mol.Simul, Vol. 31, pp.
883-887.

Baughman, R. H., Shacklette, J. M., Zakhidov, A. A., & Stafstrom, S. (1998).
Negative Poisson's ratios as a common feature of cubic metals. Nature,392(6674),
362-365.

Bezazi, Abderrezak, and Scarpa, Fabrizio (2007). Mechanical behavior of
conventional and negative Poisson’s ratio thermoplastic polyurethane foams
under compressive cyclic loading. Int. J. Fatigue, Vol. 29, pp. 922-930.

Bezazi, A., and Scarpa, F. (2009). Tensile fatigue of conventional and negative
Poisson's ratio open cell PU foams. Int. J. Fatigue, Vol. 31, pp. 488-494.

Bianchi, M., Scarpa, F., & Smith, C. W. (2010a). Shape memory behaviour in auxetic
foams: mechanical properties. Acta Materialia, 58(3), 858-865.

Bianchi, M., Scarpa, F., Smith, C. W., & Whittell, G. R. (2010b). Physical and
thermal effects on the shape memory behaviour of auxetic open cell
foams.Journal of materials science, 45(2), 341-347.

Bianchi, M., Scarpa, F., Banse, M., & Smith, C. W. (2011a). Novel generation of
auxetic open cell foams for curved and arbitrary shapes. Acta Materialia, 59(2),
686-691.

Bianchi, M., Frontoni, S., Scarpa, F., & Smith, C. W. (2011b). Density change during
the manufacturing process of PU-PE open cell auxetic foams. physica status
solidi (b), 248(1), 30-38.

Bianchi, M., Scarpa, F. L., & Smith, C. W. (2008). Stiffness and energy dissipation
in polyurethane auxetic foams. Journal of Materials Science, 43(17), 5851-5860.

Blumenfeld, R., & Edwards, S. F. (2012). Theory of strains in auxetic
materials.Journal of superconductivity and novel magnetism, 25(3), 565-571.

Branka, A., and Wojciechowski, K. (2008b). Auxeticity of cubic materials: The role
of repulsive core interaction. J. Non-Cryst. Solids Vol. 354, pp. 4143-4145.

Bornengo, D., Scarpa, F., and Remillat, C. (2005). Evaluation of hexagonal chiral
structure for morphing airfoil concept. Proceedings of the Institution of
Mechanical Engineers, Part G: Journal of Aerospace Engineering, 219(3), 185-
192.

Brandel, B., and Lakes, R. S. (2001). Negative Poisson’s ratio polyurethane foams. J.
Materials Science, Vol. 36, pp. 5885-5893.



186

Cadamagnani, F., Frontoni, S., Bianchi, M., and Scarpa, F. (2009). Compressive
uniaxial properties of auxetic open cell PU based foams. physica status solidi
(b), 246(9), 2118-2123.

Caddock, B. D., and Evans, K. E. (1989). Microporous materials with negative
Poisson's ratios. I. Microstructure and mechanical properties. Journal of Physics
D: Applied Physics, 22(12), 1877.

Caddock, B. D., and Evans, K. E. (1995). Negative Poisson ratios and strain-
dependent mechanical properties in arterial prostheses. Biomaterials, 16(14),
1109-1115.

Carsi, M., Fernandez-Vicente, A. F., Ruano, O. A., and Sherby, O. D. (1999).
Processing, microstructure, strength, and ductility relationships in ultrahigh
carbon steel assessed by high strain rate torsion testing. Materials science and
technology, Vol. 15, 1087-1095.

Choi, J. B., & Lakes, R. S. (1991). Design of a fastener based on negative Poisson's
ratio foam. Cellular Polymers, 10(3), 205-212.

Choi, J. B., & Lakes, R. S. (1992b). Non-linear properties of metallic cellular
materials with a negative Poisson's ratio. Journal of materials science, 27(19),
5375-5381.

Choi, J. B., & Lakes, R. S. (1992). Non-linear properties of polymer cellular materials
with a negative Poisson’'s ratio. Journal of Materials Science, 27(17), 4678-4684.

Choi, J. B., & Lakes, R. S. (1992c). Non-linear properties of metallic cellular
materials with a negative Poisson's ratio. Journal of materials science, 27(19),
5375-5381.

Choi, J. B., & Lakes, R. S. (1996). Fracture toughness of re-entrant foam materials
with a negative Poisson's ratio: experiment and analysis. International Journal of
Fracture, 80(1), 73-83.

Choi, J. B., & Lakes, R. S. (1995). Analysis of elastic modulus of conventional foams
and of re-entrant foam materials with a negative Poisson's ratio.International
Journal of Mechanical Sciences, 37(1), 51-59.

Choi, J. B., & Lakes, R. S. (1992d). Non-linear properties of polymer cellular
materials with a negative Poisson's ratio. Journal of Materials Science, 27(17),
4678-4684.

Chan, N., & Evans, K. E. (1997b). Fabrication methods for auxetic foams.Journal of
Materials Science, 32(22), 5945-5953.



187

Chan, N., & Evans, K. E. (1998). Indentation resilience of conventional and auxetic
foams. Journal of cellular plastics, 34(3), 231-260.

Chan, N., & Evans, K. E. (1997a). Microscopic examination of the microstructure
and deformation of conventional and auxetic foams. Journal of materials
science, 32(21), 5725-5736.

Clarke, J. F., Duckett, R. A., Hine, P. J., Hutchinson, 1. J., and Ward, I. M. (1994).
Negative  Poisson's  ratios in  angle-ply laminates: theory and
experiment.Composites, 25(9), 863-868.

Critchley, R., Corni, 1., Wharton, J. A., Walsh, F. C., Wood, R. J., & Stokes, K. R.
(2013). A review of the manufacture, mechanical properties and potential
applications of auxetic foams. physica status solidi (b), 250(10), 1963-1982.

Dos Reis, F., and Ganghoffer, J. F. (2012). Equivalent mechanical properties of
auxetic lattices from discrete homogenization. Computational Materials
Science,51(1), 314-321.

Dudek, M. R., & Wojciechowski, K. W. (2008c). Magnetic films of negative
poisson’s ratio in rotating magnetic fields. Journal of Non-Crystalline
Solids,354(35), 4304-4308.

Evans, K. (1990). Tailoring a negative Poisson ratio. Chemistry and Industry, 654-7.

Evans, K. E. (1991a). The design of doubly curved sandwich panels with honeycomb
cores. Composite Structures, 17(2), 95-111.

Evans, K. E., and Alderson, A. (2000a). Auxetic materials: functional materials and
structures from lateral thinking!. Advanced materials, 12(9), 617-628.

Evans, K. E., and Caddock, B. D. (1989). Microporous materials with negative
Poisson's ratios. 1. Mechanisms and interpretation. Journal of Physics D: Applied
Physics, 22(12), 1883.

Evans, K. E., Donoghue, J. P., and Alderson, K. L. (2004). The design, matching and
manufacture of auxetic carbon fibre laminates. Journal of composite
materials, 38(2), 95-106.

Evans, K. E. (1991b). Auxetic polymers: a new range of materials. Endeavour,15(4),
170-174.

Evans, K. E., Alderson, A., & Christian, F. R. (1995). Auxetic two-dimensional
polymer networks. An example of tailoring geometry for specific mechanical
properties. J. Chem. Soc., Faraday Trans., 91(16), 2671-2680.



188

Evans, K. E., Nkansah, M. A., Hutchinson, 1. J., & Rogers, S. C. (1991). Molecular
network design. Nature, 353(6340), 124-124.

Evans, K. E., & Alderson, K. L. (2000b). Auxetic materials: the positive side of being
negative. Engineering Science and Education Journal, 9(4), 148-154.

Evans, K. E., Nkansah, M. A., Hutchinson, 1. J., & Rogers, S. C. (1991). Molecular
network design. Nature, 353(6340), 124-124.

Evans, K. E., Nkansah, M. A., & Hutchinson, 1. J. (1994). Auxetic foams: modelling
negative Poisson's ratios. Acta metallurgica et materialia, 42(4), 1289-1294.
Evans, K. E., Alderson, A., & Christian, F. R. (1995). Auxetic two-dimensional
polymer networks. An example of tailoring geometry for specific mechanical

properties. J. Chem. Soc., Faraday Trans., 91(16), 2671-2680.

Friis, E. A., Lakes, R. S., and Park, J. B. (1988). Negative Poisson's ratio polymeric
and metallic foams. Journal of Materials Science, 23(12), 4406-4414.

Gaspar, N., Ren, X. J., Smith, C. W., Grima, J. N., and Evans, K. E. (2005). Novel
honeycombs with auxetic behaviour. Acta Materialia, 53(8), 2439-2445.

Gibson, L. J., Ashby, M. F., Schajer, G. S., and Robertson, C. I. (1982). The
mechanics of two-dimensional cellular materials. Proceedings of the Royal
Society of London. A. Mathematical and Physical Sciences, 382(1782), 25-42.

Gibson, L. J., & Ashby, M. F. (1999). Cellular solids: structure and properties.
Cambridge university press.

Grima, J. N., Alderson, A., and Evans, K. E. (2005b). Auxetic behaviour from rotating
rigid units. Physica status solidi (b), 242(3), 561-575.

Grima, J. N, and Evans, K. E. (2000). Auxetic behavior from rotating
squares.Journal of Materials Science Letters, 19(17), 1563-1565.

Grima, J. N., Gatt, R., Alderson, A., & Evans, K. E. (2005c). On the potential of
connected stars as auxetic systems. Molecular Simulation, 31(13), 925-935.

Grima, J. N., Attard, D., Gatt, R., & Cassar, R. N. (2009). A Novel Process for the
Manufacture of Auxetic Foams and for Their re-Conversion to Conventional
Form. Advanced Engineering Materials, 11(7), 533-535.

Grima, J. N., Farrugia, P. S., Gatt, R., and Attard, D. (2008b). On the auxetic
properties of rotating rhombi and parallelograms: a preliminary
investigation.physica status solidi (b), 245(3), 521-529.

Grima, J. N., Gatt, R., Alderson, A., and Evans, K. E. (2005a). On the potential of
connected stars as auxetic systems. Molecular Simulation, 31(13), 925-935.



189

Grima, J. N., Gatt, R., & Farrugia, P. S. (2008a). On the properties of auxetic meta-
tetrachiral structures. physica status solidi (b), 245(3), 511-520.

Grima, J. N., Zammit, V., Gatt, R., Alderson, A., & Evans, K. E. (2007). Auxetic
behaviour from rotating semi-rigid units. physica status solidi (b), 244(3), 866-
882.

Grima, J. N., & Evans, K. E. (2006b). Auxetic behavior from rotating
triangles.Journal of materials science, 41(10), 3193-3196.

Grima, J. N., Gatt, R., Ellul, B., & Chetcuti, E. (2010). Auxetic behaviour in non-
crystalline materials having star or triangular shaped perforations. Journal of Non-
Crystalline Solids, 356(37), 1980-1987.

Grima, J. N., Gatt, R., Ravirala, N., Alderson, A., & Evans, K. E. (2006a). Negative
Poisson's ratios in cellular foam materials. Materials Science and Engineering:
A, 423(1), 214-218.

He, C., Liu, P., & Griffin, A. C. (1998). Toward negative Poisson ratio polymers
through molecular design. Macromolecules, 31(9), 3145-3147.

He, C., Liu, P., McMullan, P. J., & Griffin, A. C. (2005). Toward molecular auxetics:
Main chain liquid crystalline polymers consisting of laterally attached para-
quaterphenyls. physica status solidi (b), 242(3), 576-584.

Herakovich, C. T. (1984). Composite laminates with negative through-the-thickness
Poisson's ratios. Journal of Composite Materials, 18(5), 447-455.

Hine, P. J., Duckett, R. A., & Ward, I. M. (1997). Negative Poisson's ratios in angle-
ply laminates. Journal of materials science letters, 16(7), 541-544.

Hook, P. (2011). Uses of auxetic fibres. U.S. Patent No. 8,002,879. Washington, DC:
U.S. Patent and Trademark Office.

Ishibashi, Y., & Iwata, M. (2000). A microscopic model of a negative Poisson's ratio
in some crystals. Journal of the Physical Society of Japan, 69(8), 2702-2703.
Javni, 1., Zhang, W., & Petrovi¢, Z. S. (2003). Effect of different isocyanates on the
properties of soy-based polyurethanes. Journal of Applied Polymer

Science,88(13), 2912-2916.

Kaminakis, N. T., & Stavroulakis, G. E. (2012). Topology optimization for compliant

mechanisms, using evolutionary-hybrid algorithms and application to the design

of auxetic materials. Composites Part B: Engineering, 43(6), 2655-2668.



190

Kowalik, M., & Wojciechowski, K. W. (2006). Poisson’s ratio of orientationally
disordered hard dumbbell crystal in three dimensions. Journal of non-crystalline
solids, 352(40), 4269-4278.

Kolat, P., Maruszewski, B. M., & Wojciechowski, K. W. (2010a). Solitary waves in
auxetic plates. Journal of Non-Crystalline Solids, 356(37), 2001-2009.

Lakes, R. S. (1986). Experimental microelasticity of two porous solids.International
Journal of Solids and Structures, 22(1), 55-63.

Lakes, R. (1987a). Foam structures with a negative Poisson's
ratio. Science,235(4792), 1038-1040.

Lakes, R. (1987b). Foam structures with a negative Poisson's
ratio. Science,235(4792), 1038-1040.

Lakes, R. (1992). No contractile obligations. Nature, 358, 713-714.

Lakes, R. S. (1993). Design considerations for materials with negative Poisson’s
ratios. Journal of Mechanical Design, 115(4), 696-700.

Lakes, R. (1991). Deformation mechanisms in negative Poisson's ratio materials:
structural aspects. Journal of materials science, 26(9), 2287-2292.

Larsen, U. D., Sigmund, O., and Bouwstra, S. (1997). Design and fabrication of
compliant mechanisms and material structures with negative Poisson’s ratio. J.
Microelectromech Syst, Vol. 6, pp. 99-106.

Lee, J., Choi, J. B., & Choi, K. (1996). Application of homogenization FEM analysis
to regular and re-entrant honeycomb structures. Journal of Materials
Science, 31(15), 4105-4110.

Lees, C., Vincent, J. F., and Hillerton, J. E. (1991). Poisson's ratio in skin. Bio-medical
materials and engineering, 1(1), 19-23.

Lim, T. C. (2003). Constitutive relationship of a material with unconventional
Poisson's ratio. Journal of materials science letters, 22(24), 1783-1786.

Lira, C., Innocenti, P., and Scarpa, F. (2009). Transverse elastic shear of auxetic multi
re-entrant honeycombs. Composite Structures, 90(3), 314-322.

Liu, Q. (2006). Literature review: materials with negative poisson's ratios and
potential applications to Aerospace and Defence (No. DSTO-GD-0472).
DEFENCE SCIENCE AND TECHNOLOGY ORGANISATION VICTORIA
(AUSTRALIA) AIR VEHICLES DIV.



191

Lu, Z. X,, Liu, Q., & Yang, Z. Y. (2011). Predictions of Young's modulus and
negative Poisson's ratio of auxetic foams. physica status solidi (b), 248(1), 167-
174.

Matheny, J. C. (2011). Understanding the Transition from Positive to Negative
Poisson’s Ratio Behavior in Cellular Materials and the Potential for Auxeticity
in Trabecular Bone (Doctoral dissertation, The University of Toledo).

McDonald, S. A., Ravirala, N., Withers, P. J., & Alderson, A. (2009). In situ three-
dimensional X-ray microtomography of an auxetic foam under tension.Scripta
Materialia, 60(4), 232-235.

Merriam-Webster Inc. (2004). Merriam-Webster's collegiate dictionary. Merriam-
Webster.

Miller, W., Hook, P. B., Smith, C. W., Wang, X., & Evans, K. E. (2009). The
manufacture and characterisation of a novel, low modulus, negative Poisson’s
ratio composite. Composites Science and Technology, 69(5), 651-655.

Milton, G. (1992). Composite materials with Poisson’s ratio close to -1. J. Mech.
Phys. Solids, Vol. 40, pp. 1105-1137.

N. Grima, J., Gatt, R., Alderson, A., and E. Evans, K. (2005d). On the Auxetic
Properties ofRotating Rectangles' with Different Connectivity. Journal of the
Physical Society of Japan, 74(10), 2866-2867.

Narojczyk, J. W., Alderson, A., Imre, A. R., Scarpa, F., & Wojciechowski, K. W.
(2008d). Negative Poisson’s ratio behavior in the planar model of asymmetric
trimers at zero temperature. Journal of Non-Crystalline Solids, 354(35), 4242-
4248.

Narojczyk, J. W., & Wojciechowski, K. W. (2010b). Elastic properties of degenerate
fcc crystal of polydisperse soft dimers at zero temperature. Journal of Non-
Crystalline Solids, 356(37), 2026-2032.

Pickles, A. P., Alderson, K. L., & Evans, K. E. (1996). The effects of powder
morphology on the processing of auxetic polypropylene (PP of negative Poisson's
ratio). Polymer Engineering & Science, 36(5), 636-642.

Pickles, A. P., Alderson, K. L., and Evans, K. E. (2012). The effects of powder.

Prall, D., and Lakes, R. (1997). Properties of a chiral honeycomb with a Poisson’s
ratio of -1. Int. J. Mech. Sci, Vol. 39, pp. 305-314.



192

Prawoto, Y. (2012). Seeing auxetic materials from the mechanics point of view: a
structural review on the negative Poisson’s ratio. Computational Materials
Science, 58, 140-153.

Ravirala, N., Alderson, A., Alderson, K. L., & Davies, P. J. (2005). Expanding the
range of auxetic polymeric products using a novel melt-spinning route.physica
status solidi (b), 242(3), 653-664.

Scarpa, F., Yates, J. R., Ciffo, L. G., & Patsias, S. (2002b). Dynamic crushing of
auxetic open-cell polyurethane foam. Proceedings of the Institution of
Mechanical Engineers, Part C: Journal of Mechanical Engineering
Science,216(12), 1153-1156.

Scarpa, F., Ciffo, L. G., and Yates, J. R. (2004). Dynamic properties of high structural
integrity auxetic open cell foam. Smart materials and structures,13(1), 49.

Scarpa, F., and Tomlin, P. J. (2000). On the transverse shear modulus of negative
Poisson’s ratio honeycomb structures. Fatigue & Fracture of Engineering
Materials & Structures, 23(8), 717-720.

Scarpa, F., Pastorino, P., Garelli, A., Patsias, S., and Ruzzene, M. (2005). Auxetic
compliant flexible PU foams: static and dynamic properties. physica status solidi
(b), 242(3), 681-694.

Scarpa, F., Yates, J. R., Ciffo, L. G., and Patsias, S. (2002a). Dynamic crushing of
auxetic open-cell polyurethane foam. Proceedings of the Institution of
Mechanical Engineers, Part C: Journal of Mechanical Engineering
Science,216(12), 1153-1156.

Scarpa, F., Ciffo, L. G., & Yates, J. R. (2004). Dynamic properties of high structural
integrity auxetic open cell foam. Smart materials and structures,13(1), 49-56.

Shilko, S., & Konyok, D. (2004). Numerical and experimental study of auxetic
closed-cell foams. Computational methods in Science and Technology, 10(2),
197-202.

Simkins, V. R., Ravirala, N., Davies, P. J., Alderson, A., & Alderson, K. L. (2008).
An experimental study of thermal post-production processing of auxetic
polypropylene fibres. physica status solidi (b), 245(3), 598-605.

Sloan, M. R., Wright, J. R., and Evans, K. E. (2011). On the design and
characterisation of low-stiffness auxetic yarns and fabrics. Mech. Mater, Vol. 43,
pp. 476-486.



193

Smith, C. W., Lehman, F., Wootton, R. J., and Evans, K. E. (1999). Strain dependent
densification during indentation in auxetic foams. Cellular polymers,18(2), 79-
101.

Smith, W. A. (1994). U.S. Patent No. 5,334,903. Washington, DC: U.S. Patent and
Trademark Office.

Smith, W. A. (1991, December). Optimizing electromechanical coupling in
piezocomposites using polymers with negative Poisson's ratio. In Ultrasonics
Symposium, 1991. Proceedings., IEEE 1991 (pp. 661-666). IEEE.

Smith, C. W., Grima, J. N., & Evans, K. (2000). A novel mechanism for generating
auxetic behaviour in reticulated foams: missing rib foam model. Acta
materialia, 48(17), 4349-4356.

Spadoni, A., Ruzzene, M., & Scarpa, F. (2005). Global and local linear buckling
behavior of a chiral cellular structure. physica status solidi (b), 242(3), 695-709.

Spadoni, A., and Ruzzene, M. (2012). Elasto-static micropolar behavior of a chiral
auxetic lattice. Mech. Phys. Solid, Vol. 60, pp. 156-171.

Stavroulakis, G. E. (2005). Auxetic behaviour: appearance and engineering
applications. physica status solidi (b), 242(3), 710-720.

Strek, T., Maruszewski, B., Narojczyk, J. W., & Wojciechowski, K. W. (2008a).
Finite element analysis of auxetic plate deformation. Journal of Non-Crystalline
Solids, 354(35), 4475-4480.

Strek, T., Kedziora, P., Maruszewski, B., Pozniak, A. A., Tretiakov, K. V., &
Wojciechowski, K. W. (2009). Finite element analysis of auxetic obstacle
deformation and fluid flow in a channel. Journal of Non-Crystalline
Solids,355(24), 1387-1392.

Tee, K. F., Spadoni, A., Scarpa, F., & Ruzzene, M. (2010). Wave propagation in
auxetic tetrachiral honeycombs. Journal of Vibration and Acoustics, 132(3),
031007.

Theocaris, P. S., Stavroulakis, G. E., & Panagiotopoulos, P. D. (1997). Negative
Poisson's ratios in composites with star-shaped inclusions: a numerical
homogenization approach. Archive of Applied Mechanics, 67(4), 274-286.

Ting, T. C. T. (2004). Very large Poisson’s ratio with a bounded transverse strain in

anisotropic elastic materials. Journal of Elasticity, 77(2), 163-176.



194

Tretiakov, K. V., & Wojciechowski, K. W. (2005). Monte Carlo simulation of two-
dimensional hard body systems with extreme values of the Poisson's ratio.physica
status solidi (b), 242(3), 730-741.

Tretiakov, K. V., & Wojciechowski, K. W. (2007). Poisson's ratio of simple planar
‘isotropic’solids in two dimensions. physica status solidi (b), 244(3), 1038-1046.

Tzikang, C. (2000). Determining a Prony series for a viscoelastic material from time
varying strain data.

Vasiliev, A., Dimitriev, S., Ishibashi, Y., and Shinegari, T. (2002). Elastic properties
of a two-dimensional model of crystals containing particles with rotational
degrees of freedom. Phys. Rev. 65094101.

Wang, Y. C., Lakes, R., & Butenhoff, A. (2001). Influence of cell size on re-entrant
transformation of negative Poisson's ratio reticulated polyurethane
foams. Cellular polymers, 20(6), 373-385.

Wojciechowski, K. W. (2003b). Non-chiral, molecular model of negative Poisson
ratio in two dimensions. Journal of Physics A: Mathematical and General,36(47),
11765.

Wojciechowski, K. (2003a). Poisson Ratio beyond the Limits of the Elasticity
Theory. J. Phys. Soc. Jpn, Vol. 72, pp. 1819-1820.

Wojciechowski, K. W., & Branka, A. C. (1989). Negative Poisson ratio in a two-
dimensional ‘‘isotropic’’solid. Physical Review A, 40(12), 7222.

Wojciechowski, K. W., Tretiakov, K. V., & Kowalik, M. (2003c). Elastic properties
of dense solid phases of hard cyclic pentamers and heptamers in two
dimensions. Physical Review E, 67(3), 036121.

Wojciechowski, K. W. (1987). Constant thermodynamic tension Monte Carlo studies
of elastic properties of a two-dimensional system of hard cyclic
hexamers. Molecular Physics, 61(5), 1247-1258.

Wojciechowski, K. W. (2003). Non-chiral, molecular model of negative Poisson ratio
in two dimensions. Journal of Physics A: Mathematical and General,36(47),
11765-11778.

Yanping, L., & Hong, H. (2010). A review on auxetic structures and polymeric
materials. Scientific Research and Essays, 5(10), 1052-1063.

Yang, L., Harrysson, O., West IlI, H.,, & Cormier, D. (2011). Design and

characterization of orthotropic re-entrant auxetic structures made via EBM using



195

Ti6Al4v and pure copper. In International Solid Freeform Fabrication
Symposium. Vol. 78, pp. 464474

Yang, W., Li, Z. M., Shi, W., Xie, B. H., & Yang, M. B. (2004). Review on auxetic
materials. Journal of materials science, 39(10), 3269-3279.

Zhang, R., Yeh, H. L., & Yeh, H. Y. (1998). A preliminary study of negative Poisson's
ratio of laminated fiber reinforced composites. Journal of reinforced plastics and
composites, 17(18), 1651-1664.



	MozafarShokriRadPFKM2015ABS
	MozafarShokriRadPFKM2015TOC
	MozafarShokriRadPFKM2015CHAP1
	MozafarShokriRadPFKM2015REF



