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Abstract

BIOMIMETICS is the study of biological substances with the aim of synthesizing

and imitating similar elements, structures, systems and models in the fabrica-

tion of advanced artificial materials to achieve new properties.

Biological materials combine different design elements such as hierarchies at differ-

ent length-scales, heterogeneities, functional gradient, randomness, cellular structures,

specific geometries and so forth. Their composition also consists of two primary solid

and soft phases. All these elements are combined in natural substances and result in a

wide range of mechanical properties and functions.

In this thesis, I implemented, modeled and tested some of these essential design ele-

ments, in particular randomness, functional gradient and auxetic shapes of microstruc-

tures in the construction of bio-inspired materials.

New advanced materials were aimed at different mechanical or functional proper-

ties:

• enhanced directional strength as an imitation of trabecular bones;

• tailored elastic properties (elastic modulus and Poisson’s ratio) using random de-

sign of unit cells;

• predictability of final complex shapes of materials under mechanical loading by

rational design of geometrical features;

• functionalized internal surfaces of 3D cellular materials.

To reach these goals, we adopted different production techniques, such as foaming

process through the powder route, additive manufacturing and crumpling.
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Summary

BUilding blocks of cellular biological materials are mainly limited to few num-

bers of biopolymers (protein and sugar-based polymers) as the soft phase,

minerals and ions as the hard phase and cross-linking agent to integrate these

materials. In addition, there is limited amount of geometrical, morphological and topo-

logical arrangements in the microstructure of natural substances also known as essen-

tial design elements. Some of the most fundamental design elements are functionally

gradient, randomness and multiple length-scale hierarchies at different length levels.

Besides, particular shapes can be observed in the biological materials such as tabular,

circular, honeycomb or re-entrant forms.

Despite these limited number of variations in material constituents and microstruc-

tural organizations in nature, biological materials offer a wide range of mechanical and

functional properties as a result of proper, smart and optimized combination of chem-

ical composition and microstructural design features to satisfy specific functions and

design motifs.

Modern engineering materials with specific functionality and properties have al-

ways been on demand for various medical and industrial applications. Learning from

nature, via biomimetics, has still been considered as a powerful tool to understand fun-

damental characteristics responsible for their attractive properties and functionalities.

This has led to the fabrication of advanced engineering materials through the history.

Biomimetics approaches aim to study biological substances and synthesize and imitate

similar structure/ elements, systems and models of nature in order to fabricate advanced

artificial human-made products with particular functionalities and properties. To mimic

these unique features in a synthetic material, it is essential to implement proper com-
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binations of existing manufacturing processes. However, to date there is no unique

manufacturing method that can merge all these design features such as multi-scaling,

heterogeneity, anisotropy, gradient, and hierarchy in de-novo materials. Therefore, de-

velopment of new manufacturing methods for such an implementation is of high inter-

est.

Recently, due to the new development in manufacturing techniques, studies related

to the creation of bio-inspired materials have gained a numerous deal of attention.

These needs are appreciated by scientist and engineers working in the area of mate-

rial science, mechanics, architecture, and biology. Improving mechanical properties

and functionalities have always been regarded by material scientists, mechanical en-

gineers, and architects because of its applicability in industry. Bio-inspiration is also

crucial for the design of new scaffolds, and (patient-specific) implants as it is required

to accurately mimic the microstructure of tissues in order to have appropriate tissue

regeneration.

Within different studies in this thesis, we aimed to take into account the most im-

portant design elements in natural materials, i.e., functionally gradient, randomness

together with special shapes found in natures and implement those features in the fab-

rication of new advanced materials. In each study, we targeted certain mechanical or

functional properties using the current manufacturing techniques. Different studies in

this thesis are summarized as following:

• In chapter 1, we reviewed the state-of-the-art of bio-inspiration in material science

and engineering. We also reviewed some of the key design elements in natural

materials and provided few examples of the previous works on this area. A brief

summary of outline of the thesis, and summarizing the content of other chapters

are also provided at the end of this part. All materials in chapters 2 to 5 are taken

from published documents in peer-reviewed journals.

• In chapter 2, we investigate the application of conventional foaming processes in

the production of new closed-cell aluminum foams which their microstructures

are mimicked to the ones of microstructures of trabecular bone. For that aim, we

modified the current technique in order to design, manufacture and test two dif-

ferent types of bone-inspired aluminum closed cell foams. We also compared the

microstructural feature and mechanical properties of that bone-inspired aluminum

closed cell foams with bone samples.

• In chapter 3, we introduced patterned randomness as a strategy for independent

tailoring of the elastic properties of soft metamaterials, i. e. the elastic modulus

and Poisson’s ratio. As the randomness is one the features that can be found in
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the biological substances, the results of this study show how randomness in gen-

eral and patterned randomness, in particular, can be served as design strategies to

reach various mechanical properties in soft mechanical metamaterials, i. e. elastic

modulus and Poisson’s ratio. For this goal, we designed, tested and manufactured

several samples and computational models to predict the topology-property re-

lationship in a wider range. For the manufacturing of these structures, we used

in-direct manufacturing technique.

• In chapter 4, we introduced functional gradient in soft mechanical metamaterials

in order to predict predefined boundaries under mechanical stimuli. For this pur-

pose, we designed, manufactured and tested few prototypes which later have been

used for the validation of computational models. Then, we used computational

results to predict pre-defined random shapes using forward-maps approaches. We

also showed how these materials can be used for the approximation of boundaries

of real objects.

• In chapter 5, we studied physics of crumpling of porous sheets. We proposed

crumpling as a fast and easy fabrication technique for manufacturing crumpled-

based bio-materials due to their robust mechanical properties. We also compared

the process of crumpling of sheets without a hole, with the one with 2D porosity

and investigated how holes can affect this process. The method of crumpling can

also be considered as a powerful method for converting 2D surface functionaliza-

tion to 3D.

• In chapter 6, concluding remarks are presented and few suggestions for future

works are provided.
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CHAPTER1

Biomimetics in Cellular Materials

1.1 Introduction

The terms ’Biomimetics’ and ’biomimicry’ drive from two Ancient Greek words of

’bios’ and ’mimesis’ meaning ’life’ and ’imitation’. Biomimetics or biomimicry is

the study of biological substances and materials for the purpose of synthesizing and

imitating similar structures/ elements, systems, and models of nature in the fabrication

of artificial human-made products [1].

Natural materials contain well-adapted living organisms and materials that satisfy

their functionality. Understanding the biological solution at macro and nanoscales by

biomimetics have been led to new technologies and new advanced materials with en-

hanced properties and functionalities through the history. Humans, all through our

existence, have looked at nature to find an answer to problems. Nature has solved

engineering problems such as self-healing abilities, environmental exposure tolerance,

and resistance, self-assembly, etc. Those solutions can be considered as a source of

inspiration for the production of engineering materials.

Material constituents of biological substances are limited into soft phase (mainly

bio-polymer proteins), hard phase (minerals) and other cross-linking agents [2]. Inter-

estingly, a combination of these limited number of materials results in a wide range of

materials properties and functionalities. In addition to the chemical composition, there
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Chapter 1. Biomimetics in Cellular Materials

are typical geometrical, topological and morphological organizations in the microstruc-

ture of biological materials [3, 4]. Moreover, particular shapes can be observed in the

biological materials such as tabular, circular, honeycomb or re-entrant forms and these

specific shapes can appear in a biological structure [5]. Combination of these architec-

tural and compositional properties can lead to the design of advanced materials with

enhanced mechanical or functional properties.

The primary objective of this thesis is to find out the most essential design elements

and features in the natural design from one hand and implement them in the design

of artificial materials from the other hand. Such an implementation needs specific

and appropriate manufacturing tools. Therefore, we used the current manufacturing

techniques such as Additive manufacturing (AM) or conventional foaming techniques

for implementation of such design elements. In addition, we aimed to propose dif-

ferent manufacturing processes that can be used as a platform for the fabrication of

bio-inspired materials. Implementation of these natural design elements resulted in

materials with different mechanical, structural and functional properties that will be

discussed in detail in different chapters of this thesis.

1.2 History

The initial use of biomimicry design in the construction of human-made products might

come back to 15th and 16th centuries when Leonardo da Vinci (1452-1519) observed

anatomy and flying systems of birds [6]. Later on, based on the inspiration from pi-

geons, Wright Brothers (1867-1912) had made the first aircraft’s prototype [7, 8].

The American biophysics and polymath Otto Schmitt developed the concept of

’biomimetics’ during 1950s [1], which he attempted to engineer a device to replicate

the biological system of nerve propagation. He defined this term as [9]: ’The study of

the formation, structure, or function of biologically produced substances and materials

(as enzymes or silk) and biological mechanisms and processes (as protein synthesis

or photosynthesis) especially to synthesize similar products by artificial mechanisms

which mimic natural ones.’ The term ’biomimicry’ was popularized by scientist and

author Jenine Benyus where she proposed looking to Nature as a ’Model, Measure, and

Mentor’ [10].

Biomimicry shaped new materials and structures in different fields such as in energy,

architecture, transportation, agriculture, medicine, and communication [10]. It has also

led to the creation and innovation of new materials and technologies within the past

decades. A swimsuit based on the dermal denticles in the skin of sharks that mimics the

antimicrobial film [11], Beaver-inspired wetsuits [12], velcro straps [13], bullet trains

inspired by Kingfisher birds [14], harvesting water from the air similar to the Stenocara
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1.3. Structural Design Elements in Biological Materials

beetle [15], shock-resistant instruments by mimicking the skull of the woodpecker [16],

artificial soft materials with the ability of camouflaging similar to cephalopods [17] are

few examples of such kind.

1.3 Structural Design Elements in Biological Materials

Natural materials provide intelligent answers, optimized solutions and a rich source of

inspiration to engineering requests as they are designed to satisfy a specific function [2,

4, 18–20]. These materials contain two main building blocks at different length scales

from nano- to mesoscales. These building blocks are limited to hard (mineral bio-

materials) and soft (polymeric bio-materials such as proteins) phases, which produce a

composite biological materials [4,8]. The hierarchical self-assembly of nano- to macro-

structural organization is resulted by means of a well adaptation [4,20,21]. In addition,

living organisms show an ingenious functional gradient and heterogeneities [4, 20, 22].

Therefore, understanding the key design features in natural substances from one hand,

and studying the role of microstructure at different length scales and its relation to the

macroscopic ones from the other hand can provide extensive knowledge to design new

engineering products with different applications and functionalities. Those synthetic

materials are of high interests in the engineering and medical applications.

a) b)

Figure 1.1: a) Seven unique characteristics of biological substances, b) Eight most common structural

design elements in biological materials. Adopted from [4].

In a recent review by Liu et al., 2017 [4], the unique characteristics and common

structural design elements in biological substances are summarized as (Figure 1.1): i)

self-assembly, ii) self-healing, iii) evolutionary and environmental constraint, iv) the
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Chapter 1. Biomimetics in Cellular Materials

importance of hydration, v) mild synthesis conditions (mostly at ~300K temperature

and ~1 atm pressure, vi) multi-functionality, vii) hierarchy of microstructures at nano,

micro, meso, and macro levels [4, 22], where cannot be found in synthetic materials.

Design motifs such as gradient, cellular, helical, layered units are the most common

structural design elements in the natural materials (Figure 1.1). These structural units

combine to each other through the evolution to satisfy the particular functionalities of

the specific biological materials.

Functionally graded materials (FGMs) and heterogeneity are the most essential de-

sign features in the natural materials. These occur through the gradient in the material

properties of the natural materials and the structural characteristics of them (Figure 1.2).

Figure 1.2: Different forms of the gradient in the biological materials. a) Changes in the local properties

can be reached either gradually (I) or step-wise (II). b) Local properties can also change at the

interfaces of two dissimilar components such as in the tendon-bone attachment. The gradient in the

natural materials can be either by means of chemical or material changes (c) of in the structure of

the biological substances (d-g). The change in the structure can be divided via (d) arrangement, (e)

distribution, (f) dimension and (g) orientation. Such gradient can also be seen in the interface of a

biological substance (h). Adopted from [4, 22].

The gradient in the chemical composition can follow different patterns and trends

from a spatial distribution of the chemical compositions within the material’s volume

to the gradient of material composition at the interfaces regions where two dissimilar

materials meet each other, e. g. tendon-to-bone attachment [23, 24] (Figure 1.3a),
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1.3. Structural Design Elements in Biological Materials

spider web [8], anchoring tooth in bone [25] (Figure 1.3b) and molluscs [26]. The

gradients in the chemical composition can be generated via the difference in the degree

of mineralization (for example in crayfish mandibles [27]), ion contents gradient (for

instance in spider fangs [28]) and degree of hydration (for example in squid beak [29,

30]).
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Figure 1.3: Examples of gradient in the chemical composition of natural materials a) Tendon-bone in-

terface region consists of different distinct zones, i.e., tendon, fibrocartilaginous transitional zone

(uncalcified fibrocartilage and mineralized fibrocartilage) and bone [23,24]. This interface has been

shown to be highly heterogeneous in the lateral direction and angle-dependent Seven unique char-

acteristics of biological substances (Adopted from [24]), b) Graded interfaces in the tooth which

contains, the dentin-enamel junction (DEJ) and cementum-dentin junction (CDJ). The degree of min-

eralization, the orientation of collagen fibril, and morphology of mineral crystals have been shown

to be different between the dentin and enamel [4, 31]. Adopted from [4].

The changes in the structural features of natural materials also show various pat-

terns. These alterations in the structural features produce materials with enhanced-

performance, site-specific properties even without a change in the chemical composi-

tions [4]. Some of these structural characteristics happen through arrangement, distri-

bution, dimensions, and orientation or a combination of them. For example, the mi-

crostructure can be organized either in a structured or random manner. Alligator osteo-

derm is composed of four different regions with different structural organizations [32]

(Figure 1.4a), while wheat awn is an example that shows well aligned fibrils in the cap

and random structures at the ridge [33] (Figure 1.4b). Transition region from inner

trabecular bone to the cortical bone in the elk antler and also change in the density of
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Chapter 1. Biomimetics in Cellular Materials

vascular bundles in bamboo stems [34, 35] (Figure 1.4c) are examples of continuous

degradation distribution of porosity in a biological material [3, 36].

c)

b)a)

Figure 1.4: Examples of gradient in the microstructural arrangement of natural materials a) Four vari-

ous regions in alligator osteoderm [32], b) Random organization of microstructure at the ridge part

of wheat awn, while at the cap cellulose fibrils are well organized along the longitudinal axis. This

organization leads to non-uniform expansion at different regions when it is exposed to daily humidity

cycles [33], c) Gradient in the density of vascular bundles in bamboo stems which increases from

interior to peripheral [34, 35]. Adopted from [4].

In some biological substances such as bone and tooth, a mixture of diverse chem-

ical and structural gradient exists. It means in these materials multiple length-scales

constituents with hierarchical structures are organized [3, 4, 19, 37–39].

Such combination of material and structural gradient in Nature are optimized with

respect to the specific function of biological materials [4, 19]. These functions can be

mechanical, non-mechanical and interfacial strengthening and toughening. For exam-

ple, bones and plant stems have evolved and optimized due to their mechanical role as

a load-bearing or support element in the structure [4].

Among different structural elements in Nature, we considered randomness, micro-

structural organization, orientation, arrangement, and distribution as the most critical

natural design elements (also called as functional gradient) and try to implement them

in the artificial designs. Such an implementation will be discussed in brief in Sec-
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1.3. Structural Design Elements in Biological Materials

tion 1.5, and in detail in the following chapters.

1.3.1 Cellular Metamaterials

Cellular solid materials can be found in natural structural elements such as bone, cork,

and wood. These materials can be used as a source of inspiration for the creation of

human-made cellular solids with different engineering applications that require lightweight,

customized stiffness, impact resistance and energy absorbance capability. Numerous

investigations have been focused on the mechanical response of periodic and non-

periodic cellular solids in 2D and 3D under various loading configurations [40, 41].

AuxeticConventional

y

x

Figure 1.5: Two-dimensional unit cells under tension loading in y-direction. Left: Conventional honey-

comb structure, Right: Auxetic Lattice structure [42, 43].

Mechanical behavior of the cellular metamaterial highly depends on the geometry

of the unit cells at small-scales rather than their chemical compositions [44, 45]. By

changing the geometry of the unit cell in cellular material, one can create materials

with properties that cannot be found in nature. A tunable positive- negative Poisson’s

ratio unit cells is an example of these materials [46–48].

One of the emerging cellular materials is auxetic material. Auxetic cellular materi-

als belong to the class of cellular metamaterials with negative Poisson’s ratio (NPR).

These materials show a contrary behavior of bulk material as they transversely contract

under longitudinal compression and transversely expand under longitudinal extension

(Figure 1.5). Auxetic materials can be found in nature such as cadmium [49] and single

crystals of arsenic [50], or in biology substances for instance in load-bearing cancellous

(trabecular) bone of human femur/ tibia [51,52] or form of skin [53,54]. Auxetic mate-

rials have various potential applications as an implant in biomedical engineerings such

7



Chapter 1. Biomimetics in Cellular Materials

as artificial discs and scaffold [52, 55], surgical implants with pull out resistant [42],

artificial blood and stent designs or as sensors and actuators, air and mass filters, and

fastener in aerospace engineering [56, 57]. Recently, accordion-like honeycomb struc-

tures similar to heart’s cells was implemented as a new strategy in design of tissue

scaffolds in bioengineering [58, 59].
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Fig. 7 Deformation of a hexachiral unit. (1) In rest. (2) Completely

a) b)

c)

d) i ii

Figure 1.6: Different forms of auxetic unit cells, a) hexachiral unit cells [60], b) rotating rigid rectangle

structures [60, 61], c) micrographs of converted and unconverted foam. Detection of regular and re-

entrant honeycomb structure in foam materials [55]. c) design of accordion-like honeycomb scaffold

used for myocardial tissue engineering [58, 59].
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1.4. Bio-Inspired Materials

Auxetic materials exist in different shapes [45, 62]. Some of the most well-known

auxetic materials proposed within past years are: re-entrant honeycomb structures [63],

chiral structures [60] (Figure 1.6a), rotating rigid unit [61] (Figure 1.6b), angle-ply

laminates [64], origami-like structures [65] and foam materials [66] (Figure 1.6c). This

shows how topological design of these structures at microscale can change the proper-

ties at the macroscopic level. General application of NPR materials are mainly based

on their unusual (negative) Poisson’s ratio [63, 67], superior toughness, resilience, and

shear resistance [43], acoustic properties [66], negative compressibility [68], improved

impact performance [69], and snapping deformations [70]. More information about

different types of auxetic lattice structures and their applications can be found in the a

recent review was written by Zadpoor et al. [45, 60].

Functionally graded auxetic (FGA) structures [46,71], and porous biomaterials with

graded/gradient porosity and pore size have also been developed recently [72] to be

used as a biomedical implant. One of the potential approaches to implementing the

FGA material is in total hip replacement stem [55, 73] or mandible implant [74]. The

reason is that the mechanical properties of this structures can be tuned efficiently. In

addition, from the microstructures of these materials can be designed in a way that

mimics the microstructures of bones in the case of the design of a bone implant [55].

FGA materials can be fabricated using Additive Manufacturing (AM) techniques [66,

75]. These techniques allow a rapid manufacturing of complex cellular structures with

controllable architectures made of metals or polymers.

1.4 Bio-Inspired Materials

In the past, different structural features in the biological materials have been used to

design synthetic materials. That mimicking has not only led to manufacturing new arti-

ficial materials, but also new fabrication techniques. In section 1.4.1, we will focus on

the bone as a complex biological substance and a potential candidate for the biomimetic

purposes. Therefore, we first provide a summary of different structural and composi-

tional features in bones and different methods in the investigation of microstructural

features in bone. Then, in section 1.4.2, we review few fabrication techniques devel-

oped and used for the production of mainly bone-inspired materials.

1.4.1 Bone Composition, Structural and Mechanical Properties

Bone is one of the lightweight biological substances with a unique combination of

strength and toughness and a sophisticated hierarchical architecture. The hierarchi-

cal structural features and compositions of bone are locally optimized from nano to

9



Chapter 1. Biomimetics in Cellular Materials

mesoscales to improve its mechanical function [4]. For this reason, it can be consid-

ered as a smart natural material used for the design of synthetic ones [76, 77].

Bone Composition

Bone is a composite material made of [20, 78]: (i) a mineral or hard phase (carbonated

hydroxyapatite) (50-60 wt. %), which gives the bone its rigidity, (ii) a protein or soft

phase (mainly type-I collagen) (30-40 wt. %), which improves its fracture resistance

and (iii) water (10-20 wt. %). This makes the structure of the bone to be hierarchical

at different length scales. At the nano-scale, bone consists of the nanoparticle of hy-

droxyapatite. Mineral platelets together with collagen molecules (with the thickness of

2 nm to 4 nm and several tens of nanometers in the other dimensions) create mineral-

ized collagen fibrils at a scale of approximately 100 nm. These mineralized collagen

fibrils then form fiber bundles at the level of a micrometer. The fiber bundles finally

make lamellae which roughly have constant mineral content within different part of the

bone [2, 20, 78] (Figure 1.7).

At the macroscopic level, bone can be divided into two main parts: trabecular or

cancellous bone and cortical bone (Figure 1.7). Cortical bone shapes the hard outer

shell or cortex and trabecular forms the spongy inner part of the bone. In particular,

trabecular bone can be found near the articulating ends of the long bone, such as the

femur or tibia. They may also be found to fill the interior of short bones and flat bones

or bones with irregular shapes, such as vertebrae, pelvis, and sternum [79]. The change

from trabecular (interior) to cortical (exterior) part of the bone is via a transition of

structural arrangement with an increase in the bone density [4].

The relatively high amount of trabecular bone adjacent to the joints through which

large forces are transmitted suggests that it plays a vital role in preserving the mechan-

ical integrity of the compound joint and bone as a whole. In addition, optimization

of the micro- structure of the trabecular network eventuates to a material with optimal

strength and minimal mass [81].

The cortical bone is formed of concentric bone lamellae arranged around blood ves-

sels creating osteons and interstitial areas [82]. Cortical bone has a porosity of 5-15 %

oriented along the osteon direction [83, 84], called Haversian canal. Osteons are sepa-

rated from the surrounding tissue by a cement interface [85] (with the thickness of 1 to

5 µm [81, 85].

Important Structural Features of Bone

Trabecular bones appear as a highly porous cellular solid composing of a lamellar struc-

ture arranged in a not well-organized pattern. They are made up of a network of rods

10
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mineral platelets

~ (50 x 25 x 2) nm

collagen molecules

~ (300 x 1.5) nm
3-7 μm

~200 μm

50-200 nm

non-collageneous

proteinsHaversian
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fi
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Trabecular Bone

Figure 1.7: Microstructure of bone: (a) consisting of Lamellar Structure and Extra-Fibrillar Matrix

(Adopted from [80]), (b) in different length-scales from nano- to mesoscale (Adopted from [4]). It

shows the hierarchy and gradients in the structure of bone. The density of bone radially increases

from the interior cancellous (trabecular) to the exterior cortical bone.

and plates, called trabeculae, with the thickness of about 100 to 300 µm interspersed

with large marrow spaces [86]. Trabecular bones exhibit heterogeneity, where their

shapes, dimensions, arrangement are different within skeletal sites and between skele-

tal sites [87, 88]. For instance, trabecular in human vertebral body tends to be more
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rodlike, whereas trabecular in the proximal tibia consists almost entirely of plates (Fig-

ure 1.8).

Lumbar Spine Femoral Head

Figure 1.8: Typical trabecular bone structures of the femoral head with plate-like structure and the

lumbar spine with rod-like structure. (Adopted from [88]).

This heterogeneity results in a vast difference in the mechanical properties such as

elastic modulus and strength [79, 89]. Trabecular bone also reveals anisotropy since

its microstructures are typically oriented along the direction of maximum strength and

maximum mechanical stiffness based on the Wolff’s law [79, 90, 91]. Bone structure

adaptation is a result of mechanical stimuli and results in an anisotropy of the mechan-

ical properties and microstructural arrangements of bone.

To measure the intrinsic anisotropic material behavior of the trabecular bone, it is

required to perform mechanical testing along the principal coordinate system of tra-

becular bone [92] and minimize errors due to the possible side effects during the test-

ing [93]. Therefore it is essential to quantify the principal structural directions of the

trabecular bone. In the past, Mean Intercept Length (MIL) [94], have been used to mea-

sure these principal structural directions. The MIL is a tensor to estimate the orientation

and anisotropy of microstructures from 2D or 3D binary images. The MIL is defined

as the mean of distance between change from one phase to another phase in the binary

image. To measure this distance, a set of parallel lines will pass through the image

at different angles ranging from 0 to 180. In 2D, the MIL tensor can be obtained by

fitting an ellipse to polar plots of the MIL which is also known as rose diagrams [95]. It

was approximated by an ellipsoid in three-dimension [96], and led to the definition of a

positive definite second-order fabric tensor that characterizes the degree of anisotropy

of the trabecular’s structure [97]. In addition, based on the general theory developed by

Cowin, fabric tensor, which is the inverse of MIL tensor, has been applied to measure

12



1.4. Bio-Inspired Materials

the local structural anisotropy [98].

Fabric tensor is defined as:

M =
3

∑

i=1

miMi =
3

∑

i=1

mi(mi ⊗mi). (1.1)

Where mi are the positive eigenvalues and the mi are the corresponding normal-

ized eigenvectors. M is normed to tr(M) = 3, which ensures that fabric is indepen-

dent of volume fraction. The three eigenvectors of M represent the principal axes of

material symmetry, which also correspond to the principal orientations of trabeculae.

Based on the different eigenvalues, fabric can be isotropic, transversely isotropic or or-

thotropic [99]. The degree of anisotropy (DA) can be defined as the ratio of the largest

over the smallest fabric eigenvalue [96].

Non-destructive X-ray-based imaging, such as micro-computed tomography (µCT)

and other high-resolution imaging techniques have been utilized to represent the three-

dimensional structure of the trabecular and cortical bone, and consequently, are used to

estimate the orientation distribution of the trabecular bone [100] (Figure 1.8).

Different morphological parameters can be obtained from (µCT) imaging such as

relative density (BV
TV

), Trabecular Thickness (Tb.Th), Trabecular Spacing (Tb.Sp.), and

Structural Material Index (SMI). Relative density shows the relative amount of bone in

a total volume of interest. Trabecular Thickness (Tb.Th) is defined by filling maximal

spheres into the structure with the distance transformation [101]. It shows the thickness

of each trabeculae in the structure. Trabecular Spacing shows the maximum sphere that

can be filled within the trabeculae. The Structure Model Index (SMI) is an estimation of

the plate-rod characteristic of the structure [102]. For an ideal plate and rod structure,

the SMI value is 0 and 3, respectively. These morphological features of the trabecular

bone are sorted in Table 1.1.

Mechanical Properties of Bone

Trabecular bone shows an asymmetric behavior in tension and compression loading

(Table 1.2). The elastic modulus of the trabecular bone is 20 % to 30 % less than the

cortical one [103] (Table 1.2). It yields in compression at a strain of approximately

1 %, after which it can sustain large deformations (up to 50 %) while still maintain-

ing its load-carrying capacity [104]. Trabecular bone can absorb substantial energy on

mechanical failure [79]. However, ultimate strain in trabecular bone is constant [105],

suggesting a biological control mechanism targeted toward apparent strains [79]. It also

displays time-dependent behavior and visco-plasticity [106], as well as damage suscep-

tibility during cyclic loading. Damage accumulation mechanism under different load-

ing modes and directions in trabecular [107], and cortical [108] bones are discussed,
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Table 1.1: Morphology of trabecular bone in different anatomical locations. Mean ± standard deviation

are presented in this table.

A
na

to
m

ic
al

L
oa

ca
tio

n
B

V
/T

V
[%

]
T

b.
T

h
[µ

m
]

SM
I

D
A

M
et

ho
d

R
ef

er
en

ce

Il
ia

c
cr

es
t

11
.5

±
1.

6
-

-
-

H
is

to
lo

gy
[8

7]

Il
ia

c
cr

es
t

15
.6

±
5.

4
15

1
±

27
1.

51
±

0.
61

1.
49

±
0.

18
µC

T
sc

an
[8

8]

Fe
m

or
al

ne
ck

15
.8

±
1.

6
-

-
-

H
is

to
lo

gy
[8

7]

Fe
m

or
al

ne
ck

26
.1

±
7.

8
19

4
±

33
0.

41
±

0.
68

1.
68

±
0.

18
µC

T
sc

an
[8

8]

L
um

ba
r

sp
in

e
8.

3
±

0.
8

-
-

-
H

is
to

lo
gy

[8
7]

Se
co

nd
lu

m
ba

r
sp

in
e

8.
3

±
2.

4
12

2
±

19
2.

13
±

0.
35

1.
42

±
0.

16
µC

T
sc

an
[8

8]

fo
ur

th
lu

m
ba

r
sp

in
e

8.
7

±
3.

3
13

9
±

28
2.

12
±

0.
36

1.
51

±
0.

16
µC

T
sc

an
[8

8]

C
al

ca
ne

us
15

.4
±

2.
0

-
-

-
H

is
to

lo
gy

[8
7]

C
al

ca
ne

us
12

.0
±

3.
5

12
9

±
18

1.
76

±
0.

36
1.

75
±

0.
15

µC
T

sc
an

[8
8]

In
te

rt
ro

ch
an

de
ri

c
10

.2
±

1.
2

-
-

-
H

is
to

lo
gy

[8
7]

and different aspects of this mechanism have been studied.

In Figure 1.9 typical stress-strain curves for trabecular bone is presented. As it can

be observed from the curve, three steps happen during the compressive loading; linear

elastic deformation due to elastic cell bending till yielding causes collapse of the cell

walls, as the load increases a constant stress plateau occurs, which is due to progressive

cell wall damage, breakage and buckling of the cells and produces an inelastic section.

Finally, a densification occurs as cells collapse and contact each others resulting in a

steep stiffness increase [109, 110].

Mechanical properties of trabecular [97] and cortical bone are highly correlated to
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Figure 1.9: Typical stress-strain curve of experiments performed on bovine trabecular bone (cylindrical

shape specimens from bovine iliac crest with the diameter of 8 mm, and height of 15 mm, embedded

into the endcaps using acrylic resin) under monotonic compression loading (Adopted From [111]).

Similar trends have been observed in human vertebrae body specimens with same shape and dimen-

sion embedded in Polymethylmethacrylate (PMMA) [104].

porosity and its microstructural orientation [97]. There are several theoretical mod-

els relating volume fraction, ρ, and fabric M, defined in Equation 1.1, to mechanical

properties in trabecular bone [97, 115]. Fabric elasticity model (Equation 1.2 [97]) and

fabric strength model (Equation 1.3 [116]) in uni-axial loading condition are examples

of these models which correlate the mechanical properties of trabecular bone to the

morphological properties:

Ei = E0ρ
km2l

i , νij = ν0
ml

i

ml
j

, Gij = G0ρ
kml

im
l
j (1.2)

σ−

ii = σ−

0 ρ
pm

2q
i , σ+

ii = σ+
0 ρ

pm
2q
i , τij = τ0ρ

pm
q
im

q
j (1.3)

These models are able to predict more than 90 % variation of mechanical properties

of trabecular bone and are verified by different experiments on trabecular samples ex-

tracted from different anatomical locations in small strain [117–119], and large strain

conditions [120]. Based on these models different fabric based yield criteria for trabec-

ular bone have been proposed [121, 122].

In these models, eigenvectors can describe the amount of misalignment of the mi-

crostructure of the trabecular bone with respect to anatomical planes of animal’s body.

For instance, there is a different misalignment in human pedicles, and they vary be-

tween 0 to 30° [100]. This value for cortical bone is less than 6°, as in cortical bone

15



Chapter 1. Biomimetics in Cellular Materials

Table 1.2: Mechanical properties of the trabecular bone with respect to different anatomical location.

Elastic modulus E, compressive σUC and tensile σUT strength, yield strain in compression ε0.2UC

and tension ε0.2UT are presented in this table.
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a Compressive yield stress
b Tensile yield stress

microstructures are aligned in the longitudinal direction of osteons in bone [123].

Accordingly, different constitutive continuum models have been developed to de-

scribe the mechanical behavior of the cortical and trabecular bones [97, 124], and dif-
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ferent failure criteria such as cellular solid [125] and quadratic multiaxial Tsai-Wu cri-

terion [126] have been implemented. Importance of such multiaxial failure, the crite-

rion is in the simulation of non-habitual loading configuration such as falling, which

increases the risk of fracture. They can also be used in the simulation of the interaction

of bone-implant systems.

Finite element models constructed from these datasets have been used to determine

apparent mechanical properties of bone and to predict the fracture risk [127].

1.4.2 Fabrication Techniques

Recent developments in the advanced fabrication approaches such as 3D printing (ad-

ditive manufacturing [22, 44, 128, 129], (magnetic) freeze casting [130–132] and laser

engraving [133] provide different tools and pathways for the manufacturing of bio-

inspired materials. In this section, we review some of these manufacturing techniques.

Finally, few bone-inspired materials will be presented.

Additive Manufacturing

Additive manufacturing (AM) techniques belong to the family of technologies that use

computer design in building layer-by-layer structures. These techniques enable accu-

rate and independent spatial distribution of materials and geometrical featuring [44,

129] (Figure 1.10).

According to ISO/ASTM52900-15, additive manufacturing techniques are divided

into seven categories: binder jetting, directed energy deposition, material extrusion,

material jetting, powder bed fusion, sheet lamination and vat photopolymerization. 3D

printing has been used in different sectors such as manufacturing, industrial and med-

ical [134]. This technique has also been used for the creation of tissue scaffold and

implant [19] by mimicking the tissue microstructures via 3D bio-printing [135] and

magnetic 3D bioprinting [136, 137] that have an important application in tissue engi-

neering and regenerative medicine.

AM has been used for replicating design elements from nature to synthetic mate-

rials. Multi-scale and gradient in materials and hierarchical designs can be achieved

by advanced AM and multi-material AM techniques [44]. There are several attempts

to produce and replicate structural features existing in biomaterials. One example is

mimicking the toughening mechanisms of mineralized natural materials in bone and

biocalcide-like artificial structures that make high fracture resistance [138]. Effect

of mineral bridges and its size inspired by nature on the fracture properties of these

materials was an example of using multi-material 3D printing [139]. Mimicking the

self-assembly at nanoscales by forming a polymer-ceramic bio-inspired material was
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3D-printed glass structure

Laser

Struts (rods)

Printing nozzle

200 µm

Printing nozzle

Figure 1.10: Additive manufacturing techniques that can be used for the fabrication of precise and

reproducible geometrical features. (Adopted from [77]).

another example of using additive manufacturing techniques [140].

Applications of 3D printing in the design of new bio-inspired materials are limited

to two main problems [77, 129]; first, the number of materials that can be printed is

limited to metals, polymers, and ceramics. Due to the hybrid combination of dissim-

ilar building blocks in biomaterials, i.e., polymers and ceramics, printing bioinspired

materials with same material mismatches are limited. Therefore, it makes it difficult to

have one manufacturing technique to fabricate such materials. The second problem is

related to print at different scale, i.e. from nano to macro scales. Although it is possible

to print fine features at nano levels using methods such as nanolithography [141] or

inkjet printing [142] these methods cannot be used for the fabrication of materials at

large scales.
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Freeze Casting

Freeze casting or ice templating is a manufacturing process that has been used for

the fabrication of nacre-like inspired ceramic materials with high toughness proper-

ties [130, 131]. The reason to mimic the microstructure of nacre is that its majority

consists of minerals (99 % of volume) while its toughness can be an order of magni-

tude higher than the mineral constituents. This is due to the arrangement of mineral

platelets in a ’brick-and-mortar’ like fashion [2].

It is an inexpensive procedure for directionally freezing of the ceramic-based sus-

pensions in water [77,143]. It has been used for the manufacturing with metal/ceramic,

polymer/ceramic and hybrid materials [143]. Moreover, this method was also used

for the replication of ’brick-and-mortar’ structures, i.e., brick-shaped mineral platelets

within layers of mineral materials, similar to those of nacre 1.11. It has been shown this

method can be useful for production of cellular structures by directional solidification

of platelet-based slurries [144].
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Figure 1.11: Using freeze casting in the replication of nacre-like microstructures. Combination of

directional freezing of ceramic suspensions and microstructures of ice will be used to template the

architectural features of the scaffold. This can be used in the fabrication of layered and porous

structures [130, 131]. By adjusting the suspension’s composition and ice grows’ speed one can

control the dimension of microstructures [77]. (Adopted from [77])

Bone-inspired examples

Different structural and material characteristics of cortical and trabecular bones have

been used in the past for the bio-mimetic purposes. The aim of such design can be either
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to reach improved mechanical properties or to obtain specific functionalities similar to

what can be seen in the natural design.

One of the most exciting properties of materials such as bone and nacre is their high

specific strength/ stiffness and toughness while being light [76] as it has been an issue to

have simultaneously high stiffness/ strength and high toughness properties [38,145]. In

another word, attempts to increase one property will result in the reduction of the other

one. Different microstructural organization are responsible for such property which

has been regarded as a source of inspiration for the production of the new advanced

(bio-)materials with different applications in medical and material science.

As an example, toughening mechanisms of cortical bone at microscale was repli-

cated in the construction of bio-inspired composite materials via different manufactur-

ing methods such as traditional composite materials [21, 146], 3D printing [147], and

3D magnetic printing process [137]. This mechanism includes crack deflection in the

cortical bone that occurs due the existence of osteons or Haversian canal [21, 146, 147]

(Figure 1.12a,b). Libonati et al., designed, manufactured and characterized the bone-

inspired synthetic composites and showed higher strength compare to classic laminate

composite materials [21, 146]. They also used high-resolution multi-material 3D print-

ing techniques for the fabrication of such materials and showed that how similar modes

of fracture to the cortical bone can be observed in the synthetic composite materials.

These modes of failure were crack deflection and branching and constrained microc-

racking which enhanced the toughness properties of the artificial materials [147]. For

mimicking the microstructure of cortical bone, Libonati et al. defined two different

shapes for the microstructures, i.e., circular and elliptical, representing the Haversian

units while the soft/ hard ratio in the designed composites were kept constant (Fig-

ure 1.12a). That explained how biomimetic approached in mimicking the geometrical

features of cortical bone can active further toughening mechanisms and finally, amplify

toughness of the artificial materials.

The combination of the direction and distribution of trabeculae within trabecular

bones can be considered as a significant factor in their excellent original design which

influences the macroscopic properties of such materials. Mimicking the microstruc-

ture of trabecular bone in open-cell foams with the aim of replicating similar inter-

connectivity for the application in the orthopedic area was used for the fabrication of

bone-inspired material [111] (Figure 1.12c). Guillén et al. studied open-celled metallic

foams as their material have interconnected structure with homogeneous and adjustable

densities which can be used in the orthopedic research area and especially in the design

of bone scaffolds as it is required to have similar microstructural properties of trabec-

ular bone. They compared mechanical properties of different foams from Aluminum
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Figure 1.12: Examples of bone-inspired materials manufactured with different aims and different man-

ufacturing techniques. a) Mimicking the microstructure of cortical bone to enhance the toughness

properties of the synthetic material. Multi-material 3D printing was used for the fabrication of these

materials [147]. b) Fiber- reinforced composite inspired by the microstructure of cortical bone to

mimic the crack deflection mechanism based on the role of cement line in bone [146]. c) Mimicking

the microstructure of trabecular bone in foams constructed by precision-cast technique i) bovine tra-

becular bone, ii) AlSi7Mg foam, 45 ppi, iii) AlSi7Mg foam, 30 ppi, iv) CuSn12Ni2 foam, 30 ppi [111].

alloys, which had the minimum porosity of 30 ppi (pores per inches) with trabecular

bovine bone. They used precision-cast for the production of polymeric molds. Then,

the mold was filled with mold casting slurry and finally baked them to harden the cast-
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ing material.

Fabrication of multifunctional metallic foams inspired by lightweight bird bone was

another example for bone-inspired materials which demonstrated low adhesive super-

hydrophobic self-cleaning, and striking loading capacity similar to water strider leg

found in nature [148]. One of the applications of the resulted bio-inspired metallic

foam is to built an oil/water separation apparatus with high separation efficiency and

long-term repeatability [148].

Few examples of bio-inspired materials manufactured by different manufacturing

methods have been discussed so far. These approaches have gained a great deal of

attention and undoubtedly in the near future new engineered materials will be proposed.

Few exhaustive reviews [4, 19, 128, 129] on this subject have been recently published

which are referred for further case studies of bio-inspired materials.

1.5 Outline

In the previous sections, key design element features in natural materials were dis-

cussed and various fabrication methods for the implementation of such features in the

synthetic materials were reviewed. Some of the examples of bio-inspired materials

were discussed as well. Implementing the important topological design elements in the

fabrication of new artificial materials with different purposes and applications are the

topic of the following chapters.

The prime characteristic of structural features in natural materials can be sum-

marized as: functionally gradient, multiple length-scale hierarchy, randomness,

anisotropy in either microstructures or mechanical properties of the biological materi-

als. Most of the biological materials adopt a smart and optimized combination of these

features to meet specific functions and design motifs. Concerning functionally gradient

both in microstructures and mechanical properties, it can happen through different ori-

entation, dimension, arrangement and distribution of the microstructures. In addition,

it happens to have specific shapes in the microstructures of natural materials such as

re-entrant honeycomb or cellular shapes.

Integrating all these features in the construction of advanced synthetic materials can

lead to the properties that cannot be achieved by the traditional approaches. Moreover,

to implement those features, we need to use the current manufacturing techniques or

propose a modified version of those techniques. Therefore, each chapter contains spe-

cific topological properties, an aim to use those features, and finally the manufacturing

technique that we used for the fabrication of those materials. These are summarized in

Table 1.3.
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Table 1.3: Summary of the topics of different chapters in this thesis.

Chapter Topological features Manufacturing technique Aim

2 Functionally gradient

(through orientation, di-

mension and distribution),

Anisotropy

Foaming process Mimicking the microstruc-

ture of trabecular bone to

achieve similar mechanical

properties

3 Functional/ pattern Ran-

domness, Metamaterial

Additive Manufacturing Independent tailoring of

elastic properties

4 Functional gradient, Meta-

material

Additive Manufacturing Shape matching

5 Randomness Crumpling Proposing a manufacturing

method for converting sur-

face functionalization to 3D

1.5.1 Summary of achieved results in each chapter

In the following, a summary of methods and achieved results in each study is discussed:

• in Chapter 2, we investigated the application of conventional foaming processes

for the production of a new aluminum foam material by mimicking the loading

adaptation features of the microstructure of the trabecular bone. The loading

adaptation features of trabecular microstructure exhibit a graded distribution of

porosity and cell size, with axially elongated cells (anisotropy). To reach this

goal, we designed, manufactured and tested two different types of bone-inspired

aluminum closed cell foams, aimed at mimicking the loading adaption feature: the

first type, characterized by a directional gradient of pores (i.e., along the length

of the specimens) and the second type, characterized by elongated pores by the

hot rolling process. We used micro-computed tomography (µCT) to compare the

morphological properties of aluminum foams and bones. Furthermore, we built

geometry-based Finite Element (FE) models from the (µCT) images and validated

them by means of experimental results. In the next step, image analysis tech-

niques were used to create virtual models and to expand the range of experimental

data. This helped to get further insight into the structural behavior of the materi-

als. From the results of this study, we introduced a manufacturing method for the

fabrication of closed cell aluminum foams with biomimetic uniaxial mechanical

properties in the low strain regime. The method involved controlling the relative

density and the axial orientation of cells of aluminum foams. Concerning the in-

expensive cost of this manufacturing process, it can have several applications in
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the aerospace and automobile industry. For instance, they can be used for a struc-

tural application requiring load-bearing features and high impact-absorbing parts

in vehicles such as car bumpers or helmets. They can also have biomedical appli-

cation in the production of the prosthesis. The results of this study were published

in Materials and Design. It also resulted in two conference presentations at 21st

European Conference on Fracture, ECF21, 2016, Catania, Italy. and 4th Cellular

Materials, CellMAT2016, Dresden, Germany.

• in Chapter 3, we introduced patterned randomness as a strategy for independent

tailoring of the elastic properties of soft metamaterials, i. e. the elastic modulus

and Poisson’s ratio. Randomness is one of the features that can be found in the bio-

logical substances, and combining this feature with metamaterials was the topic of

this chapter. Elastic properties of mechanical metamaterials are a direct function

of their topological design. Therefore, we used rational design approaches based

on computational models to devise topological designs and reach desired prop-

erties. For this aim, soft mechanical metamaterials incorporating various types

of patterned randomness were fabricated using indirect additive manufacturing

technique and mechanically tested. We also developed computational models to

predict the topology-property relationship in a wide range of proposed topolo-

gies. From the results, we showed that patterned randomness could be used for

independent tailoring of elastic properties and cover a broad area of the elastic

modulus-Poisson’s ratio plane. The uniform and homogeneous topologies consti-

tute the boundaries of the covered area, while topological designs with patterned

randomness fill the enclosed area. The results of this study were published in

Applied Physics Letters. They were also presented at MatCel2017 & DynMat-

Cel2017, 25-27 September, Aveiro, Portugal.

• in Chapter 4, we used the concept of functional gradient metamaterials in or-

der to obtain specific functions. Architecture materials with rationally designed

topologies could be used to create mechanical metamaterials with unprecedented

or rare properties and functionalities. We introduced ’shape-matching’ metamate-

rials where the topology of cellular structures comprising auxetic and conventional

unit cells is designed so as to achieve a pre-defined shape upon deformation. We

used computational models to forward-map the space of planar shapes to the space

of topological designs. The validity of the underlying computational models was

first demonstrated by comparing their predictions with experimental observations

on specimens fabricated with indirect additive manufacturing. The forward-maps

were then used to devise the topology of cellular structures that approximate the
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arbitrary shapes described by random Fourier’s series. Finally, we show that the

presented metamaterials could match the contours of three real objects including

a scapula model, a pumpkin, and a Delft Blue pottery piece. Shape-matching ma-

terials have potential applications in soft robotics and wearable (medical) devices.

The results of this study was published in Scientific Reports.

• in Chapter 5, we proposed crumpling as a fast and easy fabrication technique for

manufacturing crumpled-based materials. Crumpling or folding of thin wall ob-

jects frequently encounters in nature such as in brain cortex and flower buds. Due

to the random nature of the crumpling mechanism, study the physics of crum-

pling and crumpled-based materials could result in new advanced materials with

different properties. These materials have been shown to have robust mechanical

properties for practical applications, including meta-biomaterials design aimed for

improved tissue regeneration. For such requests, however, the structure needed

to be porous. Therefore, we introduced a crumpled holey thin sheet as a robust

bio-metamaterial and measured the mechanical response of a crumpled holey thin

Mylar sheet as a function of the hole size and hole area fraction. We also studied

the formation of patterns of crease lines and ridges. The area fraction mostly dom-

inated the crumpling mechanism. We also showed that the crumpling exponents

slightly increases with increasing the hole area fraction and the total perimeter of

the holes. Finally, hole edges were found to limit and guide the propagation of

crease lines and ridges. The results of this study have been published in Scientific

Reports.
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CHAPTER2

Mimicking the Loading Adaptation of Trabecular

Bone in Closed-Cell Aluminum Foams

From the manuscript published as1

2.1 Introduction

Through the history, nature has always been considered as a source of inspiration for

scientists and engineers to create or mimic new materials with augmented material

properties. Natural materials, composed of an organic soft component and mineralized

hard component, exhibit a complex hierarchical architecture that magnifies the perfor-

mance of each layer of the hierarchy [18, 77]. Structure-property-function relation-

ship of natural biological materials has been used in designing new technologies such

as magnetic freeze casting [130, 131, 149], magnetic slip casting [150], 3D magnetic

printing [137, 150] or in synthesizing ceramic [131] or composite [146, 147, 151, 152]

materials.

Among natural materials, trabecular or cancellous bone and woods are examples

of lightweight cellular materials with remarkable stiffness and strength, and multi-

1 M. J. Mirzaali, V. Mussi, P. Vena, F. Libonati, L. Vergani, M. Strano, Mimicking the loading adaptation of bone microstructure

with aluminum foams, Materials and Design, doi: 10.1016/j.matdes.2017.04.039
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ple functions. For instance, trabecular bone in the skull is surrounded by cortical

bone and constructs a sandwich structure that protects the brain from impact load-

ing. As a further example, radial variation of density in bamboo and palm improves

their mechanical properties and helps them in limiting deflection under the applied

loads [41]. The mechanical properties of such materials come not only from their

chemical composition, but also from the fundamental multiscale hierarchical architec-

ture [41, 77, 82, 110, 128, 153–156]. Metal foams with closed cells are lightweight

materials with a random cellular structure that exhibit high energy absorption, damping

capacities and high strength/ stiffness ratio. Their morphology has often been compared

to the porous structure of cancellous bones and as a consequence, they have frequently

been considered a class of biomimetic materials [157, 158]. However, a quantitative

comparison of the morphological and mechanical parameters of metal foams with can-

cellous bones has never been attempted in a comprehensive paper. Besides, the con-

ventional manufacturing routes [159–161], used for producing closed cell metal foams,

have never been modified or addressed towards the goal of producing biomimetic ma-

terials.

Closed cell aluminum foams are particularly suited for the purpose of absorbing me-

chanical energy, either at small deformations (i.e. acting as a vibration damper) or at

large deformations (i.e. acting as an anti-crash member). Metal aluminum light foams

can be used as a reinforcement filler in sandwich panels. They also have wide appli-

cations as load-bearing parts in engineering structures for vehicles, where lightweight

components with high energy absorption are needed, i.e. helmets, car bumpers [162,

163], and so forth. Closed cell aluminium foams have several similarities with can-

cellous bones, though bones have open cells. This apparent similarity has never been

designed on purpose but, the supposed biomimetic structure of cellular metals is only

an incidental result of the typical manufacturing processes. Owing to this enhanced

biomimicry, bone replacement could be one of the many potential applications of metal

foams, although biological compatibility is a crucial issue which actually limits the

selection of the materials to be used in the metal foam manufacturing. More gener-

ally, biomimetic closed cell aluminum foams can be used as a structural reinforcement

in any application where the load is not deterministic, but has dominant or preferen-

tial loading directions. In this context, the morpho-mechanical properties of trabecular

bone may be the primary inspiration for the design of new lightweight materials with

effective mechanical properties.

Recently, additive manufacturing processes such as Electron Beam Melting and Se-

lective Laser Melting have been proposed in order to produce designed biomimetic

structures [164]. However, additive manufacturing processes are more suited for the
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production of the open cell rather than closed cell foams, because of technical and eco-

nomic constraints. As of today, the most cost-effective and efficient technology for

producing closed cell aluminum foams is the expansion of a foaming agent in a sin-

tered compacted aluminum matrix [165]. Accordingly, based on the numerous poten-

tial applications of foam materials in aerospace and automotive industry, modification

of the manufacturing process and improving foam mechanical properties has continu-

ously been on demand. A new way of enhancing their behavior might come from an

improvement of the production process, with the goal of mimicking the characteristic

features of natural foam materials.

Based on Wolf’s Law, the trabecular microstructure is aligned with the direction of

loading and principal stress [90, 91]. Similarly, by breaking the inherently isotropic

orientation of the microstructure of closed-cell aluminum foams, one may boost the

mechanical properties of such materials in one direction. In other words, microstruc-

tural anisotropy will result in mechanical anisotropy analogous to natural cellular ma-

terials. Such property is valuable for the case of engineering structures experiencing

anisotropic loading situation in their operation life.

It has been shown that the mechanical properties of cellular materials depend not

only on the mechanical properties of the solid itself, but also on the amount of this

material (i.e. the relative density) and on the geometrical arrangement of microstruc-

tures [110]. Among the microstructural parameters, the relative density is the most

compelling factor affecting the mechanical properties of cellular materials [166, 167].

However, the architecture and the orientation of the microstructures play a significant

role on the bulk properties, especially in natural cellular materials [115,168,169]. Sev-

eral morphological parameters can be used to describe the microstructure of cellular

materials, such as the average strut thickness, the average cell size, and so forth. Di-

rectional variations of the microstructures can be assessed using the Mean Intercept

Length (MIL) [94] parameter. From the MIL values it is possible to obtain the fabric

tensor, a positive definite second-order tensor [96, 98, 170], which shows the preferred

microstructural orientation of the cellular materials. These parameters, used to describe

the microarchitecture of trabecular bones, can be also used to describe the microarchi-

tecture of anisotropic manufactured aluminum foams.

The aims of the present paper are: 1) to quantitatively compare, in terms of me-

chanical and morphological parameters, the properties of trabecular bone (taken from

bovine samples) and those of aluminium closed cell foams; 2) to modify the standard

manufacturing process to better mimic the natural morphology of cancellous bones,

its anisotropy. For this purposes, we produced and tested two sample sets of closed-

cell foams with a modified manufacturing process, able to produce samples with sta-
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tistically different morphological parameters. We used micro-Computed Tomography

(µCT) to compare the morphological properties of aluminum foams with those of tra-

becular bone, and the fabric tensor to measure the degree of anisotropy. Mechani-

cal compression testing allowed us to compare the mechanical response of the foams,

whereas micro finite Element (µFE) models, built from each CT-scans, allowed us to

get a further insight into the structural behavior of each material.

Using image analysis techniques, virtual FE-models have been created to allow a

further comparison with human trabecular bone, based on the fabric-base model.

2.2 Materials and Method

Four different types of metal foams samples have been prepared, according to the sum-

mary plan in Table 2.1. Groups A and C are produced as ’control groups’, with a

conventional foaming process. Groups B and D have been produced in order to induce,

respectively, inhomogeneity and anisotropy of metal foam closed cells. In Table 2.1,

the expected morphology is briefly reported. In Figure 2.1 and Figure 2.2, the obtained

typical morphology of the four groups will be reported.

Table 2.1: Summary of produced metal foam samples in comparison with bovine trabecular bones.

Manufacturing method Expected overall

relative density,

ρs

Expected morphology

Group A Standard 19 % Uniformly sized and shaped cells

Group B Modified precursor position

inside foaming die

19 % Graded distribution of porosity and

cell size

Group C Standard 28 % Uniformly shaped cells

Group D Standard process + hot

rolling

>30 % Uniformly shaped cells, axially

elongated

Bones - >30 % Graded distribution of porosity and

cell size, axially elongated cells

The standard manufacturing method used for the production of control group A is

now described. Aluminum foam specimens were prepared using foaming of a sintered

powder, in which a mixture of particles containing an appropriate blowing agent was

compacted to a condensed precursor and foamed above the solidus temperature of the

resulting alloy [171,172]. Trade precursor rods (MepuraTM), produced by a direct pow-

der extrusion, were used with AlMg1Si0.6 composition and 0.8 % weight of T iH2 as

blowing agent. Precursors rods with the diameter of 10 mm were cut by a band saw,
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and the sawed surfaces were ground with a sand paper (120 grit SiC) to obtain cylin-

ders with the exact desired weight, with a margin of error of ± 0.06 g. As an example,

to produce a cylindrical foam sample with an average overall density of 650 kg

m3 and

a length of L = 50 mm, a single precursor rod has to be inserted in the center of a

cylindrical foaming mold, made of a titanium tube with an inner diameter of 10.9 mm

(Figure 2.1a). Two stainless steel caps (14 mm thick) were applied at both ends to

limit the foam expansion to the desired final length of ~50 mm. The inner volume of

the mold was selected with the purpose of producing foamed specimens with the pre-

scribed density of 650 kg

m3 starting from a 2.99 g precursor rod. The mold was placed at

the center of an air convection laboratory furnace (Nabertherm L9/11-HA) preheated at

750° C for about 205 s. The mold support in the furnace was designed with only four

contact points with the foaming mold to achieve the best temperature uniformity during

the heating and foaming phases. Thus, the amount of heat exchanged by conduction

was minimized. The mold was then extracted, positioned on a cooling support, rotated

360° along its longitudinal axis in the steady air, and finally cooled to room temperature

with compressed air. The final diameter of the foam cylinders is smaller than 10.9 mm,

due to post cooling shrinkage, and is equal to about 10.8− 10.9 mm.

The standard manufacturing method used for the production of control group C is

very similar the one used for group A. The only difference are the size of the precursor

rod (which is 8.6 mm in diameter instead of 10) and the shape of the foaming mold,

which is prismatic with a square cross section (internal square side 9 mm) and rounded

corner radii (2 mm).

2.2.1 Foam with graded distribution of porosity

To alter the distribution of porosity inside the samples and the size of the foam cells,

the standard process described above has been slightly modified, by changing the ini-

tial position of the precursor rod at the beginning of the foaming process, as seen in

Figure 2.1b. This new layout resulted in a different spreading of pores along the length

of the specimens. Ten closed-cell aluminum foam samples were included in this part

of the study and were divided into two groups: group A, the standard control group

of closed-cell aluminum specimens (with a heterogeneous distribution of pores), and

group B with a graded variation of pores along the length of samples (Figure 2.1b).

Five samples were considered in each set. Foam samples had original length L of

about 50 mm. A lathing machine removed the exterior skin of each foam sample (the

skin is not porous) and reduced the diameter down to OD = 9.5 mm. The chuck

spindle of the lathe damaged both ends of the cylindrical specimens. For this reason,

a circular saw abrasive cutting blade with water cooling (HITECH EUROPE) has re-
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moved 16 mm length from each end, leaving the sample with a final length of about

L = 18 mm. Distribution of the relative density along the length of the specimens in

groups A and B are depicted in Figure 2.1c and Figure 2.1d, respectively. While the

overall average value of relative density can be easily determined by a proper selection

of the mass of precursor inserted inside the tubular die, the actual profile distribution

has a limited controllability. To some extent, the grading porosity is controllable, be-

cause it is mainly due to friction at the foam-die interface when the foam is semi-solid.

Therefore, the regions of larger or greater relative movement can be roughly predicted.

We should notice that, to analyze the distribution of the relative density, we re-

moved from the µCT-images few slices, corresponding to the specimen top and bottom

and generally affected by artifacts, chosing an equal length of 16 mm for all the speci-

mens. This allowed us to perform a comparison among all the foam samples, neglecting

possible distorsion arising at the specimen ends (Figure 2.1 and Figure 2.2).

2.2.2 Foam with axially elongated pores

To prepare samples with axially elongated pores (group D) (Figure 2.2c), a hot rolling

operation was performed as a post-foaming treatment. Specifically, specimens were

first foamed according to the standard method used for group A. After cylindrical foam

samples (about 10.8 mm OD) had been prepared, they have been hot rolled along

their axial direction, with two subsequent rolling passes at a tangential rolling speed

of 7.6 m
min

. Contrarily to Group A samples, the skin was not removed after the rolling

process for Group D, in order to prevent microstructure damage that would have been

induced by the rolling. With the given rolling speed, the temperature of the samples

has been measured in a preliminary experiment with a thermocouple embedded inside

the sample. The measured values are 520° C at the rolling entry section and 490° C at

the exit section. The rolling operations transformed the samples into bars with a square

cross section, with two consecutive passes of equal area reduction ratio. The final side

length of the square cross section was 9 mm, with rounded corners (Figure 2.2b). The

hot rolling process can have an annealing effect on the residual stresses, which were

induced by severe plastic deformation ( [173–175]). The distribution of the relative

density in groups C and D are shown in Figure 2.2d and Figure 2.2e. The rolling pro-

cess produces specimens having distorted ends (Figure 2.2b). To produce the samples

(18 mm long), we only considered the middle region, where the effect of distortion was

negligible.

The specimens used as a control group (group C) have been produced with the stan-

dard manufacturing procedure (Figure 2.2a), described at the beginning of Section 4.2,

using a square titanium tube as the foaming die, instead of a cylindrical tube. To be
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Figure 2.1: Schematics of two different layouts for placing of the precursor in the mold. a) Placing

the precursor in the middle of the tube results into a homogeneous distribution of pore size and

density along the length of the specimen (Group A). b) Placing the precursor close to one end leads

to a dispersal variation of pores along the dimension of the sample (Group B). The relative density

distribution along the length of the tube for all samples in groups A (c) and B (d) is shown. The total

length of the specimens is about 18 mm. For the sake of comparison, we chose equal length of 16 mm

for all specimens to represent the relative density in (c) and (d). The bold line shows the average

along of the relative density.

consistent with the previous case, the skin has not been removed from control group C

either.
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Figure 2.2: Schematic of samples with axially elongated pores. a) µCT image of the cross section of

the initial cylindrical sample. b) µCT image of the cross section of rolled square specimen. c) An

example of the sample with axially elongated pores. d)-e) Relative density distribution along the

length of samples in groups C and D. The total length of the specimens is about 18 mm. For the sake

of comparison, we chose equal length of 16 mm for all specimens to represent the relative density in

(d) and (e). The bold line shows the average along of the relative density. In panel b) it is possible to

notice a distortion, which affected only one end of the specimen. This distortion is not affecting the

other results as we cut the 18 mm-samples from the middle region of the bar.

2.2.3 Trabecular bovine sample preparation

For comparison of foam materials with trabecular bones, 13 trabecular specimens were

included in this study. Cancellous bone samples were harvested from the lower ex-

tremity of the bovine femur. Samples were drilled using a coring device (WÜRTH

MACHINERY) in the principal direction of the trabecular structures. The coring de-

vice has the inside diameter of 10 mm and length of 30 mm. Subsequently, the samples

were transferred to a lathing machine (OPTIMUM) to reduce them to cylinders with
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the diameter of 8 mm and height of 26 mm. Specimen were kept wet during milling

and coring by water. The trabecular cylinders were dried for 24 h at room temperature.

When dried, the ends of the bone specimens were glued to custom-made aluminum

end caps, using epoxy adhesive (LOCTITE 435 Instant Adhesive) with the purpose of

reducing the edge effects [176] during mechanical tests. It has been shown that the

repeated drying and re-wetting of the bone samples have minor effects on the mechan-

ical properties of the bone [177]. However, as the mechanical properties of the bones

strongly depend on the condition (e.g. dry or wet) [178], we performed the mechanical

tests on wet bone samples.

The end caps, with an inner diameter of 8 mm and an outer diameter of 10 mm,

covered 10 mm of the bone specimens length. The outer side of the bone samples, as

well as the aluminum end caps, were defatted using acetone before gluing. Custom-

made alignment tools were used to keep the bone and the end caps aligned within the

direction of axial loading.
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Figure 2.3: Cylindrical bovine specimens were cut from the proximity of the bovine femur. Both sides of

the specimens were glued in an aluminum end caps, using an alignment fixture. Before the mechanical

testing, µCT images were collected for each specimen, and morphological features were calculated.

2.2.4 Image analysis

Micro-computed tomography (µCT) of the metal foam and trabecular samples have

been collected using an x-view scanning equipment (North Star Imaging Inc.) with the

spatial resolution of 20 µm for foam samples and 27 µm for bone specimens. Parame-

ters of the scanning were fixed at 40 kV and 220 µA for aluminum foams and 112 kV

and 21 µA for bones. Simultaneously, five specimens were placed in the CT equipment

35



Chapter 2. Mimicking the Loading Adaptation of Trabecular Bone in Closed-Cell

Aluminum Foams

and total imaging time was around 60 minutes for both materials. Bone specimens were

submerged in the saline solution (0.9 % NaCl) during scanning.

The x-view CT software has performed image reconstruction. Image analysis has

been done in ImageJ [179] software and bonej plugin [180]. A same cylindrical region

of interest (ROI) equal to the smallest diameter of foam samples has been considered

for each sample. Using a Gaussian blur filter (σ = 1.5) noises were removed from the

images. Otsu local thresholding method [181] has been used for the segmentation of

the images which resulted in binary images with the voxel value of 1 for aluminum and

0 for the empty spaces.

Porosity (ρp) was defined as the total number of cavities to the total number of vox-

els in ROI in the binary image. The relative density was defined as ρs = 1 − ρp. Strut

thickness (St.Th) and strut spacing (St.Sp) were calculated based on the conventional

definition of the greatest sphere diameter that fits within the structure [101]. Foam sur-

face FS (or bone surface BS) was defined as the inside surfaces of the foam materials

and was calculated by the isosurface creation of the binary image with the resampling

equal to 4 [182]. Given the solid volume of the samples, V , the ratio BS
V

(FS
V

) can be

calculated in order to estimate the amount of available surface for a material quantity.

Connectivity was defined on the purified image. Tortuosity was defined as the Eu-

clidean number of the longest branch in the skeletonized image and was calculated by

3D skeletonization plugin. Structural Model Index (SMI), which is an estimation of

the plate-rod characteristic of the structure of the foams was calculated from the binary

images based on the method proposed in [102]. The main direction of the microstruc-

tures of the foams was measured by MIL [94]. It has been shown that an ellipsoid

can approximate MIL in three-dimensions [96], and lead to the definition of a positive

definite second-order fabric tensor that characterizes the degree of anisotropy of the

foam/bone microstructures. Moreover, based on the general theory developed in [98],

fabric tensor, which is the inverse of MIL tensor, has been applied to measure the local

structural anisotropy. Fabric tensor is defined as:

M =
3

∑

i=1

miMi =
3

∑

i=1

mi(mi ⊗mi). (2.1)

Where mi are the positive eigenvalues, and the mi are the corresponding normalized

eigenvectors of the fabric tensor. M is normalized to tr(M) = 3, which ensures that

fabric is independent on volume fraction. The three eigenvectors of M represent the

principal axes of symmetry of the material, also corresponding to the main orientations

of the strut. Based on the distinct eigenvalues, the fabric can be isotropic, transversely

isotropic or orthotropic [99]. The degree of anisotropy (DA) can be defined as the ratio
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of the largest over the smallest fabric eigenvalue.

2.2.5 Monotonic compression testing

Quasistatic monotonic compression tests have been conducted using an MTS machine

(Alliance, RF/150) with the load cell of 150 kN (class 1 ISO 7500-1) and under the

stroke rate of 8.5 × 10−2 mm
s

(strain rate of 5 × 10−3 s−1 for testing of bone and

foam samples. The boundary conditions of the compression test were free for the foam

samples. The bone samples, instead, are confined into the endcaps. An external de-

flectometer (MTS 632.06H-30) was adopted to measure the small axial displacements.

Testing was performed at room temperature and axial displacement (S), axial loading

(F ), time and axial strain (E) was recorded by the sampling rate of 20 Hz. Nominal

stress (Σ) was defined as the ratio of axial force (F ) to initial area (A0) obtained from

µCT scans for each sample. Yield stress (Σy0.2) and yield strain (Ey0.2) were obtained

based on a 0.2 % offset criterion. The global (apparent) elastic moduli (Ca) of the sam-

ples were calculated using a moving regression with a box width of 0.2 % strain to

identify the stiffest section of the loading part. Ultimate stress (Σult) was obtained as

the maximum stress before densification and its corresponding strain as ultimate strain

(Eult). Dissipation energy (U ) was defined as the area underneath of the stress-strain

curve till the certain level of strains. We calculated the dissipation energy at 3.5 %, 5 %

and 15 % strains.

2.2.6 Finite element analysis

3D µFE-models were generated from the geometry of the scanned specimens using the

gmsh software [183]. The point clouds corresponding to the contours of each spec-

imen were extracted from the µCT image using isosurface module in bonej with the

resampling number equals to 2 [180]. We calculated the triangular surfaces by con-

sidering the resampling number of 1 and 2, and we found out less than 1 % difference

between them. We used resampling number of 2 as it can reduce the number of el-

ement and consequently simulation time significantly. Isolated pixels were removed

using corresponding filters in meshlab [184] and defining the maximum diameter of

15 for the isolated pixels. The number of triangle faces were reduced with the quadric

edge collapse decimation filter in meshlab [184] to have about 200,000 faces. Self-

interface surfaces were removed in geomagic software [185]. Second-order tetrahedral

elements with frontal algorithm were used for 3D meshing in gmsh; finally, the mesh

was optimized. Each FE-model has about 200,000 second-order tetrahedral elements.

The elastic modulus of the FE-model was calibrated based on the experimental results.

The numerical analyses were performed in Abaqus [186]. Von Mises elastic perfectly
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plastic material models were used for the FE model. The initial guess (40 MPa) for the

microscopic yield stress for each element was chosen from the specific strength, Σult

ρn
,

of the experimental compression tests. FE-models were validated by the experimental

compression tests, as shown in Section 2.3.3.

Once the FE-models had been validated, additional FE-models were built using im-

age analysis operation on the original µCT-images in groups A and B. Erosion and

dilation techniques were used for the construction of these new virtual FE-models.

Erosion and dilation are basic mathematical morphology operations in the digital im-

age processing of grayscale images. Dilation operation adds pixels to the boundaries

of the object in the image, while erosion operation deletes pixels on the borders of

the object [187]. These operations help to have artificial models with different levels

of porosity and other morphological parameters with respect to the original samples.

Erosion and dilation were performed in imagej; then, images were converted to FE-

models. The intrinsic elastic modulus Cm used for the solid phase of the eroded and

dilated models was the same as that used in FE models for group A and B. Finally, the

effect of the microstructures on the mechanical properties have been studied.

2.2.7 Statistical analysis

A statistical analysis was carried out in R [188], and p < 0.05 was assumed as the

significant level for the t-tests. The t-test has been performed between foam samples

and their corresponding control group. Foam samples were also statistically tested in

comparison with bone specimens. A linear regression model in logarithmic scale was

fitted on the results to obtain the relation between the mechanical properties and other

morphological parameters.

2.3 Results and discussion

2.3.1 Morphology

In total 30 foam specimens and 13 trabecular bone samples were tested in this study. As

stated above, a homogeneous distribution of pores was expected for samples of group

A, and a graded variation of pores for group B. Foam samples with non-elongated pore

distribution were expected in group C and samples with elongated pores were expected

in group D. Group A is a control set for group B and group C is a control set for group

D.

Descriptive statistics of morphometric properties are listed in Table 2.2. The statis-

tical difference between mean values of the morphological parameters of groups A vs.

B and group C vs. D has been assessed using a t-test with a significance level p = 0.05.
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The values which are statistically different are written with a bold font in Table 2.2.

group B is statistically different from group A in three variables: the trabecular spac-

ing, which represents the average size of cells, the connectivity density, which accounts

for the number of foam strut in the volume, and the degree of anisotropy DA. Besides,

it is evident from the µCT images that samples in group B have a graded distribution of

morphological parameters along the length of the sample. These topological differences

induce a different mechanical behavior under compression, which will be discussed in

Section 2.3.2. Larger differences are found in group D compared to group C, in nearly

all variables. Relative density, ρs for samples in group D is significantly higher than

specimens in group C; this is owed to the rolling process. Samples in group D exhibit

slightly higher ρs values and consequently lower strut spacing St.Sp than samples in

group C. The specific surface area (foam surface) of the foam per unit volume depends

on the relative density (porosity), pore size and its distribution. Foam surface ratio was

marginally higher for samples in group D compared to their control samples.

Tortuosity is an important factor for foams with insulation or thermal application [189,

190]. The parameter is nearly the same for specimens of groups A, B, and C, while sam-

ples in group D show slightly higher tortuosity. The structural material index (SMI)

gives an estimation of the shape of the microstructures of foams. SMI for an ideal plate

and rod structure is 0 and 3, respectively. The manufacturing process modifications in-

duced with groups B and D does not change the original SMI value of the standard

control groups. The degree of anisotropy (DA) can vary between 0 (isotropic) and 1

(anisotropic). Our results demonstrated that dispersal variation of pores is increased

for rolled specimens in group D, compared to group C. From the DA calculation, mi-

crostructures of samples in groups A and B show a nearly isotropic distribution, while

a significant anisotropy in the microstructures can be found in samples in group D.

While the DA parameter indicates whether the cells are anisotropic, the normalized

eigenvalue (m3) indicates whether the cells are axially oriented (for large values) or

not. The m3 parameter says that foam samples are slightly axially oriented, and that

group D has a more pronounced axial orientation.

Once all morphological parameters from the metal foams have been obtained, a

quantitative and comprehensive comparison can be made between the typical topology

of closed cell metal foams and the bovine trabecular bones. Trabecular specimens ex-

hibit larger relative density, compared to standard foam samples. The rolling operation

performed for specimens in group D allows to increase the relative density up to compa-

rable values, and it is a simple, inexpensive operation for products with constant cross

section. Samples in group D also exhibit the nearest degree of anisotropy DA to the

trabecular bones and the largest m3 parameter. Another geometrical parameter which
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is very similar in metal foam and bone samples, is the SMI: both kinds of structures

have, indeed, a mixed plate-like morphology.

The trabecular thickness of bones is smaller than that in aluminum foams, but in a

comparable order of magnitude. This results in a consequently smaller trabecular strut

spacing, meaning that, in this study, bovine bones show a larger number of smaller cells

with thinner walls, with respect to metal foams.

Table 2.2: Morphometric properties of foam samples in four groups and bovine trabecular specimens.

Data are presented as a mean ± standard deviation. In the treatment columns B and D, bold numbers

represent variables with a statistically significant difference (p = 0.05) with respect to the control

groups.

Morphometric

properties

Group A Group B Group C Group D Bone

Relative density

(ρs) [%]

16.62 ± 1.7 19.08 ± 2.1 28.22 ± 1.48 32.88 ± 2.16 34.14 ± 4.52

Strut (Trabecu-

lar) Thickness

(St.Th.) [µm]

225.4 ± 7.02 216.8 ± 10.5 298.5 ± 25.03 345.9 ± 34.9 209.69 ± 17.70

Strut (Trabecular)

Spacing (St.Sp.)

[µm]

1619 ± 152.6 1414 ± 93.6 1778 ± 190.2 1307.6 ± 118.8 495.23 ± 48.7

FS
V

[ 1

mm
] 12.66 ± 0.18 12.92 ± 0.63 8.13 ± 0.66 7.45 ± 0.82 12.96 ± 1.52

Connectivity den-

sity [ 1

mm3 ]

0.93 ± 0.18 1.37 ± 0.38 1.89 ± 0.32 1.41 ± 0.20 5.72 ± 0.83

Tortuosity 1.14 ± 0.66 1.24 ± 0.86 1.77 ± 0.51 2.77 ± 0.90 0.85 ± 0.19

Structural Mate-

rial Index (SMI)

1.71 ± 0.12 1.79 ± 0.21 1.23 ± 0.18 0.93 ± 0.21 1.57 ± 0.19

Degree of

Anisotropy

(DA)

0.29 ± 0.08 0.20 ± 0.04 0.23 ± 0.08 0.37 ± 0.04 0.60 ± 0.09

m3 1.13 ± 0.04 1.08 ± 0.08 1.13 ± 0.04 1.18 ± 0.03 1.51 ± 0.18

The two proposed modifications of the standard manufacturing processes have mixed

effects in enhancing the biomimicry of metal foams. These effects can be seen in the

Figure 2.4, where the % difference of the average value of each parameter is shown,

compared to the same parameter measured for bones. From the point of view of me-

chanical strength, the two most important morphometric parameters are the relative

density ρd and the m3 directionality parameter. Group D exhibits the lowest deviations

of these two important variables, if compared to other groups: ρd is also the same in
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statistical sense, while m3 is still larger for natural bones. Group D can still be con-

sidered the most biomimetic structure (among the four tested), with respect to axial

mechanical strength. A larger number of rolling passes or a more severe deformation

per pass could be applied in order to further increase the m3 value of metal foams.
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Figure 2.4: Percentage differences of average values of morphometric parameters of closed cell metal

foams with respect to the bovine bones.

2.3.2 Compression testing

Compression tests were conducted on all the available foam and bone samples. The

stress-strain curves obtained from compression tests are shown in Figure 2.5. It is very

interesting to observe that all curves plotted in Figure 5 share some common behaviors:

they all have a very small linear elastic part with a yield stress Σy0.2 (reported in Table

3), which is always below 10 MPa; they all reach a peak stress value Σult (always

below 20 MPa) after a similar amount of straining Eult, which is always ranging from 3

to 5 %. They all show a densification, i.e. the stress starts growing again, always before

reaching a level of 15 % strain. For this reason, we stopped the tests after reaching 15 %

of strain.

Macroscopic mechanical properties of foam samples and trabecular bones are pre-

sented in Table 2.3. No significant difference was found between mechanical properties

of samples of group B with respect to its control group A. Elastic stiffness, strength and

yield stress in group D are significantly higher than samples in the control group C.

Ultimate strains for the samples in groups C and D are similar.

As already shown for morphometric parameters, a similar comparison can be made

for mechanical properties, shown in Figure 2.6. This comparison indicates that group

D, which can be considered the most biomimetic group of the sample from a morpho-
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Figure 2.5: Average stress-strain curves for aluminum and trabecular bovine samples for monotonic

compression tests. Group A: homogeneous distribution of pores, group B: graded distribution of

pores, group C: isotropic distribution of pores, D: elongated pores using rolling.
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Figure 2.6: Average stress-strain curves for aluminum and trabecular bovine samples for monotonic

compression tests. Group A: homogeneous distribution of pores, group B: graded distribution of

pores, group C: isotropic distribution of pores, D: elongated pores using rolling.

metric point of view, well mimics two mechanical parameters: the yield stress and the

ultimate strain of bones. Group D also shows closer Ca

C0
property to bone compared to

other aluminum groups. The inherent elastic modulus of aluminum foams calculated

by nano-indentation tests, according to the scientific literature [191] is very close to the

nominal C0 = 70 GPa value. For bones, this value is reported as 20 GPa [192]. Groups

A-B better mimic the elastic modulus, whereas group C well reproduces the ultimate
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Table 2.3: Apparent mechanical properties of the monotonic compression test of closed-cell aluminum

foam samples and bovine trabecular bone. In the rows showing the results of groups B and D,

bold numbers represent variables with a statistically significant difference with respect to the control

groups A and C. C0 for aluminum and bone samples are assumed to be 70, and 20 GPa, respectively.

Sample Ca [GPa] Ca

C0

Σy0.2 [MPa] Σult [MPa] Eult [mm
mm

], % U [ MJ
mm3 ]

Group A 0.80 ± 0.44 0.011 3.38 ± 1.5 6.47 ± 1.38 3.48 ± 0.82 1.07 ± 0.43

Group B 0.62 ± 0.17 0.009 3.91 ± 1.41 5.98 ± 1.56 3.30 ± 0.49 1.16 ± 0.57

Group C 0.96 ± 0.20 0.013 5.41 ± 3.91 13.72 ± 1.66 4.50 ± 0.83 1.86 ± 0.21

Group D 1.67 ± 0.69 0.024 6.01 ± 5.09 19.98 ± 3.56 4.65 ± 0.83 2.81 ± 0.52

Bone 0.67 ± 0.26 0.034 8.71 ± 4.36 13.21 ± 4.07 4.06 ± 1.04 1.50 ± 0.42

stress.

According to the results discussed thus far, bovine trabecular bones have both a

graded distribution of porosity and cell size, and axially elongated cells. The produced

metal foam samples capture either one or the other of these two morphological parame-

ters but not both. Groups C and D performed well for the Σult (i.e. similar to trabecular

bone). As they also performed well with the relative density, this brings us to the con-

clusion that the yield stress of this sintered aluminum material is reasonably close to

the intrinsic yield stress of the bone tissue, while a higher mismatch between intrinsic

elastic moduli for bone and aluminum is found. Since the proposed treatments are se-

quential, i.e. one treatment is performed while foaming (graded distribution of pores)

and one treatment is performed post-foaming (anisotropy induced by rolling), they can

easily be combined. In other words, a closed cell sample with both graded distribution

and anisotropy of properties should be producible.

Mechanical properties of cellular materials follow a power law relation with the

relative density [40, 41, 110] (Eq. 2.2).

X = X0αρ
n
s (2.2)

Where X is the effective mechanical properties, X0 is the mechanical properties of

the solid constituent, and ρs is the relative density; α and n are material constants. The

same kind of law could be generalized, through linear regression analysis of logarithmic

terms, to a more comprehensive formulation:

X = X0α
∏

i

θni

i (2.3)

Where θi is any independent geometrical parameter of the ones listed in Table 2.2.

However, the statistical analysis yielded by the linear regression has shown that signifi-
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cant correlation can be found, with the available data, only between the strength and ρs.

Indeed, due to a limited range of variation of the morphometric parameters, no statisti-

cally significant correlation has been found, except for the relative density. Particularly

interesting is the model obtained for the ultimate compressive strength Σult, where all

four foam groups can be pooled together into a unique model (Figure 2.7). This model

can be compared to a similar model obtained for bovine bones: the n-values for both

models are very close, being equal to 1.79 and 1.67, respectively.
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Figure 2.7: A linear regression model (in logarithmic scale) of foam and bone samples. Samples in all

four aluminum groups are pooled.

We also normalized the strength data (Σult) for samples in Group C and D to ρ1.79s .

The mean ± standard deviation for normalized strength for samples in Group C and D

was 132.51 ± 17.42 MPa and 146.92 ± 26.63 MPa, respectively. This shows that the

hot rolling process mainly affect the apparent density only with the relevant increase of

the ultimate strength.

2.3.3 Finite element simulation

To overcome the limitation of the available experimental range of morphological pa-

rameters, which is obviously bounded by technical and economic constraints, addi-

tional ’virtual’ experiments have been run by means of FE-simulations, after proper

validation of the model.

A linear elastic-perfectly plastic material property was considered for the µFE sim-

ulation of axial compression tests. The displacement control simulation was done by

applying a 1.2 mm displacement (7 % of strain) on a reference point defined on the

top of the model. Kinematic coupling was considered between the reference point and

the node sets on the upper part of the mesh of the samples. The FE-simulation was

limited to small strains, because only in that region the FE-model is reliable, where no

significant damage yet occurs to the foam metal walls. A clamped boundary condition
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was considered for the set of nodes at the opposite side of the model. The geometrical

nonlinearity was included in the analysis.

The solid metal in the foam is obtained through a sintering process which may re-

sult in a micro or nano-porosity well below the resolution of the CT scans. For this

reason, an elastic modulus lower than that typical of the aluminum (C0 = 70 GPa)

can be expected for these samples. Similar considerations hold for the yield stress.

A direct experimental estimation of the mechanical parameters (Elastic modulus and

yield stress) for the sintered aluminum as that obtained in the foaming process cannot

be technically performed; therefore, an inverse estimation by comparing finite element

simulation and experimental results of compression tests on foam samples has been

carried out. One elastic modulus for the solid phase in the finite element model was

identified for each experimental stress-strain curve. To this purpose a linear fitting of

the loading curve between the 0 % strain and the 2 % strain was performed on each ex-

perimental curve; a similar curve fitting was made of the simulated stress-strain curve

for each specimen. The Young’s modulus in the finite element model was identified so

to match the elastic stiffness of the models with that found on the experimental data.

Eventually, to have one single elastic stiffness for all the FE-models, a mean calibrated

elastic stiffness, equal to Cm = 5.01 GPa, was chosen for the solid phase in the model.

This is in line with the results of [163], which also did FEM simulations of compression

tests.

Based on Eq. 2.2, X
ρs

shows the mechanical properties of the solid constituent. There-

fore, we normalized the apparent experimental stresses to ρ1.79s in order to obtain the

mechanical properties of the solid constituent. Subsequently, we calculated the mean

yield stress of the normalized stress curve ( Σ
ρ1.79s

). Microscopic yield stress was obtained

as 40 MPa, and it was considered as the yield stress in the von Mises plasticity model

for the solid phase. FE-simulations have been performed for samples in group A and

B.

The macroscopic elastic stiffness, compressive strength, and energy dissipation ob-

tained from FE-models and experiments were compared in Figure 2.8. The µFE model

can predict the compressive strength reached in experiments with a root mean square

error equal to 0.76 MPa, and R2 = 73.4 %. The corresponding values for the elastic

stiffness were RMSE = 0.1 GPa and R2 = 50 %, and RMSE = 0.016 MJ
mm3 with

R2 = 79.6 % for the dissipation energy. From the comparison of FE and experimental

results, it can be concluded that the current FE-model is appropriate for the estimation

of the initial yielding and the compressive strength. FE-models of original specimens in

groups A and B were used for the creation of new models (virtual samples) represent-

ing additional foams with new values of relative density. Erosion and dilation images
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Figure 2.8: Comparison of the numerical results with the experimental data for the elastic stiffness,

strength, and energy dissipation; dashed lines are the regression 1:1 lines.

analysis were used for the creation of these new models. Erosion resulted in samples

with higher porosity and a lower strut thickness, while dilation produced samples with

higher strut thickness and the relative density. The general shapes of the cells did not

change for the artificial samples.

Morphometric comparison of the virtual and original samples was illustrated in Fig-

ure 2.9. The comparison between morphology of virtual and original sample shows

artificial samples have different levels of porosity and strut thickness, and there is a

linear correlation (R2 = 87.7) between the two parameters. As the shape of pores did

not change significantly, erosion and dilation do not significantly alter the DA and m3

values of real samples.
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Figure 2.9: Morphology of the artificial foam samples produced from original images in groups A and

B.
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As we were able to expand the range of porosity with the new virtual samples,

we compared the numerical results for different mechanical properties. Then, using

an ANOVA fit and considering the samples of two groups, we fitted a fabric based

model on data. The model shows that although main mechanical properties of the foam

samples can be well predicted by the relative density only (as in Eq. 2.2), adding the

eigenvalue m3, which is a replica of the architecture the prediction improves:

X = X0αρ
p
sm

q
3 (2.4)

The dependence of stiffness Ca, strength Σult, and energy U on the density ρs and

m3 is graphically summarized in Figure 2.10 and Figure 2.11. The 2-parameters and

3-parameters models are summarized in Table 2.4. As a comparison, Charlebois et

al. [120] found p = 1.55, q = 1.61 with R2 = 0.78 for the elastic stiffness, estimated

for human trabecular bones. The n-values are very similar, while for metal foams the

q-value is significantly smaller, i.e. the stiffness of metal foam is less sensitive to the

m3 parameter.

Table 2.4: Two different models were used for the fit. In first try, X = X0αρ
n
s is used. In the second fit,

a fabric based model equal to X = X0αρ
p
sm

q
3

is considered.

2-parameters model 3-parameters model

Mechanical properties, x n α R2 p q α R2

Elastic stiffness, Ca [GPa] 1.39 0.10 0.90 1.40 0.29 0.09 0.96

Strength, Σ[MPa] 1.47 0.24 0.90 1.42 0.24 0.20 0.94

Dissipation energy, U [ MJ
mm3 ] 1.46 1.80 0.90 1.42 0.24 1.51 0.95

Among natural cellular materials, trabecular bone constituents have compositions,

shapes, sizes and spatial distribution, which lead to multiscale hierarchical structures.

In addition to the relative density, topological irregularities, shapes and size of the cells,

and heterogeneity can affect the behavior of cellular materials. The scaling relationship

in cellular materials can be changed through the geometry of the microstructures rather

than composition in an architected design. This can be seen from the power law we used

for the prediction of strength in aluminum foams and trabecular bones. Both materials

show similar scaling relationship.

2.4 Conclusions

Natural cancellous bones have a complex hierarchical microstructure, which provides

several functions. From a mechanical point of view, the load-bearing abilities of tra-

becular bones are characterized by an anisotropic morphology (i.e. cells are oriented
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Figure 2.10: Linear correlation of the mechanical properties and the relative density in the logarithmic

scale. Model is fitted on the pooled data. The colorful data show experimental results of groups A

and B.
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Figure 2.11: Linear correlation of the mechanical properties and the m3 in the logarithmic scale. Model

is fitted on the pooled data.

in the direction of the prevalent load) and by a graded distribution of pore size. In

this study, inspired by the mimicking of the trabecular microstructures, we developed

and tested two innovative manufacturing processes for producing closed-cell aluminum
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foams, by modification of the standard process. Small rod or bar-shaped samples were

manufactured, in order to be comparable with available cylindrical bone samples. The

standard process is the expansion of a foaming agent in a semi-solid metal aluminum

matrix. In the first modified design (group B) a graded variation of pore size along the

axial length of foams was introduced. In the second design (group D), we elongated the

pores along the axial length, by hot rolling of small prismatic bars, in order to induce

microstructural anisotropy as in the cylindrical trabecular specimens. The samples B

and D were compared to standard control groups, respectively called A and C.

The microscopic geometrical properties and the mechanical properties under axial

compression of foams B and D were measured by µCT imaging and their morphome-

tric parameters compared to control groups and to trabecular bones. Morphologically,

group B had only little differences from its control group A. In terms of biomimicry,

i.e. similarity to trabecular bovine bones, groups A and B can be pooled together.

The most biomimetic morphometric parameters for groups A-B are the strut thickness

St.Th. and the surface-to-volume FS
V

ratio. However, they have a lower relative den-

sity ρs and a lower axial orientation m3. On the contrary, the morphology of group D

resulted significantly different than its standard control group C. group D resulted more

biomimetic in two important morphometric parameters: the relative density Ïs and the

axial orientation m3. The other geometrical parameters of group D, on the contrary,

were less biomimetic than groups A-B.

The comparison of mechanical elastic properties for samples in the different groups

shows that specimens with elongated pores in group D have properties closer to bones,

especially with respect to the C
C0

(ratio between elastic stiffness of the porous material

and elastic stiffness at the micro level). This shows that the manufacturing procedure is

able to reproduce some mechanically relevant geometric features of the porous struc-

tures, similar to the trabecular bone.

According to the study, bovine trabecular bones have both graded distribution of

porosity and cell size, and anisotropy (i.e. axially elongated cells). The produced metal

foam samples capture either one or the other of these two morphological parameters

but not both. A closed cell foam sample with both graded distribution and anisotropy

of properties should be easily producible, providing an enhanced biomimicry.

In the second part of the paper, the power of FE-simulations combined with image

analysis (µCT 3D reconstructions) has been applied for building virtual µFE-models

that can be used in homogenization and micromechanical studies. These models can

also help designers to understand the effect of microstructures and can serve as a de-

sign guideline. In this case, the µFE-models were very useful because the available

range of morphometric parameters (especially the relative density) was not sufficient to
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develop a comprehensive correlation between mechanical properties and morphology

of microstructure. The µFE-models were carefully calibrated, and similar micro-elastic

properties were considered for each FE-model. The models are able to accurately repli-

cate the behavior of groups A-B in the low strain region. The FE-models were then used

to create new virtual compression tests on a broad range of relative density values.

Correlation models, based on the power law, were developed among the main me-

chanical performance of foams (stiffness, strength, absorbed energy) and the morpho-

metric parameters (relative density ρs and an axial orientation m3). Surprisingly, the

power law relations for closed cell aluminum foam were very similar (in terms of expo-

nents of the independent variable) to the models developed for trabecular bovine bones

and even more similar to a model (found in the literature) of trabecular human bones.

In conclusion, the study has shown that closed cell aluminum foam can be produced

with biomimetic uniaxial mechanical properties in the low strain region, by controlling

their relative density and the axial orientation of their cells.
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CHAPTER3

Effect of Randomness in the Design Process of

Cellular Structures

From the manuscript published as1

3.1 Introduction

Mechanical metamaterials [45, 60, 68, 193] are materials for which small-scale topo-

logical design determines the large-scale properties. It is, therefore, possible to adjust

the topological design of such materials to obtain the desired set of mechanical prop-

erties including some unusual properties such as negative Poisson’s ratio [63], negative

compressibility [45], ultrahigh stiffness [194], and fluid-like behavior [195]. Rational

design is the process of applying physical principles, analytical solutions, and com-

putational models to devise the topological design that gives rise to the desired set of

mechanical properties [196–199].

As far as the elastic properties of isotropic metamaterials are concerned, different

topological designs result in different values of the elastic modulus and Poisson’s ra-

tio. It is, of course, possible to consider other duos of the elastic properties such as
1 M. J. Mirzaali, R. Hedayati , P. Vena, L. Vergani, M. Strano, A. A. Zadpoor, Rational Design of Soft Mechanical

Metamaterials: Independent Tailoring of Elastic Properties with Randomness, Appl. Phys. Lett., 111, 051903 (2017); doi:

http://dx.doi.org/10.1063/1.4989441
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the elastic modulus and shear modulus or the bulk modulus. We will, however, use the

elastic modulus and Poisson’s ratio here due to their practical importance. While the

elastic modulus is often used to evaluate the load-bearing capacity of the material, the

Poisson’s ratio in general and auxetic metamaterials in particular [200–204] are instru-

mental in designing mechanical metamaterials with advanced functionalities [200,203].

Many applications of mechanical metamaterials require simultaneous adjustment of

both elastic modulus and Poisson’s ratio which is possible through the recent devel-

opment in additive manufacturing technologies in general and dual-material additive

manufacturing in particular [205]. However, topological designs that result in favor-

able values of one property may adversely affect the values of the other. For example,

it has been shown that topological designs that decrease the Poisson’s ratio to large

negative values that are desired for many applications result in decreased values of the

elastic modulus [200, 203]. It is therefore important to find rational design approaches

through which elastic modulus and Poisson’s ratio could be independently adjusted

within a wide range of values.

In this study, we propose an approach based on random distribution of auxetic (re-

entrant hexagonal honeycomb) and conventional (periodic hexagonal) unit cells in soft

cellular metamaterials to cover particular areas in the elastic modulus-Poisson’s ratio

plane that cannot be covered with a simple arrangement of the same unit cells. The

main hypothesis, therefore, is that “patterned randomness could be used as a rational

design tool to achieve a wide range of elastic properties while keeping the unit cell de-

sign constant”. We also propose an inexpensive method based on hobbyist 3D printer

for indirect additive manufacturing of the proposed soft metamaterials. As it is gen-

erally not possible to print highly elastomeric materials with hobbyist 3D printers, the

proposed manufacturing approach could facilitate the research and practical application

of soft mechanical metamaterials.

3.2 Materials and Method

3.2.1 Samples Preparation and Geometries

The general dimensions of the auxetic (A-UC) and conventional (C-UC) unit cells are

presented in Figure 3.1a and d. Eight samples were manufactured to validate the nu-

merical simulations. These eight samples contain two samples with either fully con-

ventional or auxetic lattice structures (Figure 3.1a). The rest of six samples contained

randomness in their microstructures which will be discussed in Section 3.2.2 and are

illustrated in Figure 3.1b and c.

The topological design of the specimens in a CAD program (Solidworks) was used
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to create individual molds. A mold was designed and additively manufactured us-

ing a fused deposition modeling (FDM) 3D printer (Ultimaker 2+, Geldermalsen, The

Netherlands) from polylactic acid (PLA) filaments (MakerPoint PLA 750 gr Natu-

ral). Subsequently, an elastomeric polymer (Elite Double 8, Zhermack, Badia Polesine,

Italy) with a one-to-one ratio of the base to catalyst was poured into the mold. Once the

specimens had cured (after about 1 hour), they were transferred to a grinding machine

to remove the support layer and redundant particles from both sides of the panel. The

final products are shown in Figure 3.1.

In the development of these unit cells, we assumed that total length and width of

both unit cells are constant. The only parameter that could change the geometry of

both unit cells was the interior angle (θ) of each unit cell (see Figure 3.1). Due to

geometrical constraints (Table 3.1), the angle of unit cells could vary between 55°and

130°.

Table 3.1: The geometrical parameters of the conventional or hexagonal (C-UC) and auxetic or re-

entrant (A-UC) unit cells in this study.

Unit cells h [mm] l [mm] w [mm] t [mm] L [mm] W [mm] tlattice [mm]

A-UC/ C-UC 9 7.5 16.5 0.9 132 120 13

3.2.2 Introducing Randomness in the Fully Conventional (Auxetic) Lattice Struc-

tures

The final lattice structure contained a random combination of hexagonal and re-entrant

unit cells. We propose two main algorithms to introduce randomness into the lattice

structure, which is detailed in (Table 3.2) and Figure 3.1b and c. These two algorithms

are defined as: i) fixed level of randomness, ii) patterned randomness. The idea of im-

plementing the randomness means how hexagonal unit cells can randomly be replaced

with re-entrant ones in a fully auxetic lattice structure.

Fixed Level of Randomness

For specimens in this group, we considered a uniform distribution of randomness. For

this purpose, we selected three levels of randomness as 25 %, 50 %, and 75 %. These

values show the probability that a unit cell in a fully A-UC lattice structure is replaced

by a C-UC.

To create these samples, first, we considered a random number from a Gaussian

distribution. The random number was generated between (−1 + PR
100

, PR
100

) where PR
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Figure 3.1: Elastomer lattice structure with (a) regular and (b and c) random distribution of unit cells.

Dimensions of the conventional (C-UC) and auxetic (A-UC) unit cells and the dimension of the whole

lattice structure are shown in (d). Total length and width of both unit cells (i.e. l and w) are kept

constant. By changing the interior angle (θ) of unit cells, different geometries can be constructed. θ

can vary between 55°to 130°. Additional parameters are presented in Table 3.1.

stands for the percentage of randomness (Table 3.2). The generated number shows the

incident probability of a conventional unit cell in a fully auxetic lattice structure, as it

is shown in Equation 3.1.
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forX ∈ [−1 +
PR

100
,
PR

100
]

ifX > 0

Replace C-UC in a fully A-UC lattice

ifX ≤ 0

Keep A-UC in a fully A-UC lattice

(3.1)

For instance, in the case of a lattice with the randomness level of 25 %, for each

unit cell, a random number was created in the range of -0.75 and 0.25. For every

random number greater than zero, a conventional unit cell was positioned in the lattice

structure, while random number below zero resulted in an auxetic unit cell being added

to the lattice structure (Figure 3.1b).

Patterned Randomness

In the second group, we introduced randomness in the structure using linear or radial

patterns. A schematic illustration of each model is presented in Figure 3.1c.

In the case of patterned randomness, conventional unit cells were replaced in a fully

auxetic lattice structure by either linear or radial distributions. These patterned ran-

domnesses were introduced using the formulae provided in Table 3.2 where i and j

respectively represent the column and row number, while m and n stand for the total

number of columns and rows, i.e. nw = W and ml = L.

Table 3.2: Summary of the randomness distribution type in the lattice structures.

Randomness distribution Range used for creation of the random numbers

Uniform 0 % (A-UC) (−1, 0)

Uniform 25 % (−0.75, 0.25)

Uniform 50 % (−0.5, 0.5)

Uniform 75 % (−0.25, 0.75)

Uniform 100 % (C-UC) (0, 1)

Linear pattern (−1 + j
n
, j
n
)

Radial pattern (C-UC to A-UC) (−1 + 2
√

( i
m

− 1

2
)2 + ( j

n
− 1

2
)2, 2

√

( i
m

− 1

2
)2 + ( j

n
− 1

2
)2)

Radial pattern (A-UC to C-UC) (−2
√

( i
m

− 1

2
)2 + ( j

n
− 1

2
)2, 1− 2

√

( i
m

− 1

2
)2 + ( j

n
− 1

2
)2)

In the linearly patterned random structures, the probability of having A-UC on the

left side of the structure was higher than C-UC. This probability decreased linearly and

made to have more C-UC at the very right end section of the structure (Figure 3.1c).
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This will happen by choosing a random number between the range of (−1+ j

n
, j

n
). For

instance, at one side of the samples, where n = 1, the random number will be generated

between (0,1), that means higher chance of having C-UC. However, as we move toward

the other side the sample, that range will change to (-1,0), that means higher chance for

having A-UC.

A similar concept was used to introduce a radial random pattern into the structure.

In the case of radial randomness from A-UC to C-UC, the probability of having A-

UC in the center of the structure was maximum. This probability decreases radially

and reaches the minimum likelihood of having A-UC at the boundaries of the lattice

structure (Figure 3.1c). For this case, we used the formula of circle to introduce the

randomness in the structure (Table 3.2).

3.2.3 Experimental Testing

Eight samples were fabricated to validate the numerical simulations (Figure 3.5) that

will be discussed in Section 3.2.4 and 3.3. The specimens were tested under quasi-

statically applied monotonically increasing tensile load using an INSTRON e10000

dynamic test machine. The experiments were displacement-controlled and were per-

formed at a rate of 4 mm
min

.

To attach the specimens to the grippers of the testing machine, two connecting parts

were designed and additively manufactured using the same PLA filament and 3D printer

as noted in Section 3.2.1. The connector worked as a hook. The first and the last rows

in the unit cells were fitted in the connector. Then, the outer side of the connector was

designed in such a way that the grippers of the testing machine could fully grip the

connector (Figure 3.2).

εx = 0 % εx = 15 % εx = 30 %

Figure 3.2: Experimental fixture to perform tensile testing in this study. Deformation of fully auxetic

lattice structure is presented under three levels of strain, i.e. 0 %, 15 % and 30 %.
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The nominal stress (σ) was defined as the ratio of the applied force to the initial area

(A0). The axial strain (ε) was defined as the proportion of the displacement to the free

length between two connectors (W ). The elastic modulus (E) was calculated from the

slope of a linear fit to the stress-strain curve until 5 % strain.

3.2.4 Numerical Modeling

Numerical simulation and modeling were performed in ANSYS® Academic Research,

Release 16.2, software. A hyperelastic (Mooney-Rivlin) material model

(Es = 0.721 MPa, νs =0.49, C10 =103927.05 Pa, C01 =-2591.52 Pa) was used for the

simulations. The coefficients of the material model were determined based on the stan-

dard experimental protocols for testing elastomeric materials in tension (ASTM D412

Type C) and compression (ASTM D 575-91, Standard Test Methods for Rubber Prop-

erties in Compression). Timoshenko beam elements with rectangular cross-sections

and constant thickness (t = 0.9 mm) were employed for discretizing the geometries of

the finite element (FE) models (Figure 3.3). The out-of-plane thickness of the lattice

structure (tlattice) was set to 13 mm.

Similar boundary conditions were applied to all FE models. Consistent with the

experimental configurations and mechanical testing setup, the nodes located in the first

row on the left side of the structure were fixed in all directions. A constant displacement

in the x-direction was applied on the right side of the geometry. The nodes located on

the right side of the structure were constrained in both Y and Z directions (Figure 3.3).

A non-linear solver was used for the simulations.

One thousand simulations were performed for each type of introduced randomness.

A constant level of displacement equal to Ux = 2.5mm was applied to the FE models.

The total reaction force (F ) was then used to calculate the elastic modulus of the struc-

ture. The lateral expansion/contraction was measured for each row of the lattice struc-

ture (U(y,j)) and the average value of the lateral displacements measured for different

rows (Uy) was used to calculate the Poisson’s ratio of the structure. The nominal stress

(σ) was defined as the ratio of the applied force to the initial area (A0 = L × tlattice).

Axial strain (εx) and local lateral strains (εy) were respectively determined by εx = Ux

W

and εy =
∑n

j=1 Uy,j

nL
, in which n is the number of unit cells. The Poisson’s ratio (ν) was

calculated as ν = − εy
εx

.

57



Chapter 3. Effect of Randomness in the Design Process of Cellular Structures

Fully Auxetic Lattice

25% 50% 75%

Fully Conventional Lattuce

X

Y
Ux

Linear Radial from A-UC to C-UC Radial from C-UC to A-UC

F
ix

e
d
 l
e
v
e

l 
o
f 
ra

n
d
o
m

n
e
s
s

P
a
tt
e
rn

Figure 3.3: Typical Finite Element models for different specimens.

3.3 Results and Discussion

3.3.1 Validation of FE Results with Experimental Data

Numerical simulations for eight different samples were performed. In the case of ran-

domness, one thousand simulations were carried out to make sure that the effects of

randomness were eliminated.

In Figure 3.4, typical histograms obtained from numerical simulations for elastic

stiffness and Poisson’s ratio for samples with induced randomness were shown. Struc-
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tures were randomly constructed and the random numbers come from a normal dis-

tribution. We checked the distribution of resulted values by plotting histograms. The

histograms show a normal distribution for each parameter. Therefore, we use mean ±

standard deviation for the representation of these values.
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Figure 3.4: Histogram of elastic stiffness and Poisson’s ratio for two representative simulations with

a) fixed level of randomness (25 %), and b) linear patterned randomness. The plots show a normal

distribution for elastic stiffness and Poisson’s ratio.

For the validation of numerical simulations, we compare the elastic stiffness results

with the one calculated from experiments. Comparison of FE and experimental re-

sults showed less than 6 % difference (Figure 3.5, Table 3.3). Those differences may

have been caused by the micro-imperfections that arise from the bubbles formed in the

ligaments of the lattice structures during the sample preparation process.
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Figure 3.5: Comparison of experimental results and numerical simulations. The mean ± standard

deviation is shown for the numerical simulations.

Table 3.3: Elastic stiffness obtained from numerical simulation and experiments tests. Results for the

FE simulation are presented as a mean ± standard deviation.

Randomness distribution E [MPa] Error

[%]

Experiments FE

Uniform 0 % (A-UC) 0.040 0.042 5

Uniform 25 % 0.035 0.037 ± 0.00067 5.7

Uniform 50 % 0.039 0.041 ± 0.00080 5.1

Uniform 75 % 0.043 0.046 ± 0.00070 6.98

Uniform 100 % (C-UC) 0.050 0.050 0

Linear pattern 0.044 0.041 ± 0.00069 6.82

Radial pattern (A-UC to C-UC) 0.046 0.045 ± 0.00064 2.17

Radial pattern (C-UC to A-UC) 0.036 0.037 ± 0.00058 2.78

3.3.2 Implementation of Strategy of Randomness for Expansion of Data Range

Using Numerical Modeling

Supplementary Angles for Auxetic and Conventional Unit Cells

The effects of topological design on the elastic modulus-Poisson’s ratio duos were then

explored using the computational models. First, the effects of the interior angle of

each unit cells on the mechanical properties were studied by initially assuming that the

angle of A-UC and C-UC are dependent and supplementary. Randomness was then

introduced into the models in the ways described in Section 3.2.2, and Deformation

in longitudinal (x) and lateral directions (y) obtained from FE results for two samples
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were shown in Figure 3.6. Distributions of deformation in longitudinal direction show

similar trend, while lateral deformation distributed differently for two selected geome-

tries. Strains in lateral and longitudinal directions can be calculated as it is described in

Section 3.2.4.
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Figure 3.6: Typical deformation and its distributions in lattice structures with top: 25 % uniform ran-

domness, bottom: linear patterned randomness. The angles of A-UC and U-UC are supplementary

(θA−UC = 80, θC−UC = 120). Due to the specific shapes of unit cells, deformation in longitudinal

direction is similar in both lattice, but the lateral deformation varies. Similar strain distributions can

be expected in x and y directions.

The calculated duos of the mechanical properties were compared with those ob-

tained for a lattice with uniform unit cells (solid circles in Figure 3.8). Randomness

changed the Poisson’s ratio in the lattice structure while the elastic modulus remained

unchanged (Figure 3.8a,b left).

Independent Angles for Auxetic and Conventional Unit Cells

In the next step, we changed the topology of the unit cells independently from each

other, i.e. the angles could be independent and not necessarily supplementary. Two

examples for such cases are presented in Figure 3.7. The unit cells with the highest

elastic moduli were combined with unit cells with the highest values of the Poisson’s
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ratio. As an example, auxetic unit cell with 60° angles (highest Poisson’s ratio) were

combined with the conventional unit cells with 90° angles (with highest elastic modu-

lus) (Figure 3.7). Total deformation together with lateral and longitudinal distribution

of deformation were also compared in this figure. Due to the geometrical features at

micro-level and nature of A-UC and U-UC exposed to the loading condition, longitu-

dinal deformations for both examples are similar, while lateral deformation/ strain will

be different.
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Figure 3.7: Typical deformation and its distributions in lattice structures with top: 50 % uniform

randomness (θA−UC = 90, θC−UC = 110), bottom: linear patterned randomness (θA−UC =

60, θC−UC = 90). The angles of A-UC and U-UC are independent in these cases. Due to the

specific shapes of unit cells, deformation in longitudinal direction is similar in both lattice, but the

lateral deformation varies between two models. Similar strain distributions can be expected in x and

y directions.

Such random combinations of the unit cells resulted in a broader area of the elastic

modulus-Poisson’s ratio plane being covered by the elastic properties of the proposed

designs (Figure 3.8c,d left) as compared to the case where the angles of A-UC and

C-UC were supplementary (Figure 3.8a,b left).

The normalized (normalized with respect to the elastic stiffness of the solid con-

stituent (Es)) elastic modulus of fully auxetic and fully conventional metamaterials
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Figure 3.8: Comparison of elastic modulus and Poisson’s ratio planes obtained from FE simulations

for lattice structures with regular (solid circles) and random microstructures. By variation of the

angle θ, various geometries for the unit cells could be achieved. Different microstructural random

generation was applied. (a, c) fixed level of randomness equal to 25 % and 50 %. (c, d) inducing

randomness by a linear and radial pattern. In each part of this figure (a-d), the left graph shows

the elastic modulus-Poisson’s ratio plane while the right graph shows the specific elastic modulus-

Poisson’s ratio plane. A-UC and C-UC in lattice structures of (a-b) have supplement angles. The

unit cells with the highest elastic moduli were combined with unit cells with the highest values of the

Poisson’s ratio (their angles were not necessarily supplementary) in the top row of the figure (a-b) to

give the graphs in the second row of the figure (c-d).

vary between 0.033 and 0.105 in our study. This is within the range (0.02-0.1) re-

ported in [206] for conventional and hybrid metamaterials with comparable ligament

thicknesses.

Since changing the topological design and introducing randomness in the structure

could influence the relative density of the metamaterials, we normalized the predicted

elastic moduli with respect to the mass of the cellular structure, thereby calculating the

specific elastic modulus (E
m

). The general trends remained the same after normalization

of the elastic moduli with some relatively minor changes in the shape of the covered

area (Figure 3.8a-d right). With or without normalization, the fully auxetic and conven-

tional cellular structures created the boundaries of the covered area, while the values

inside the area could be obtained by introducing patterned and uniform randomness

into the topological design of the metamaterials (Figure 3.9).
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Figure 3.9: Comparison of elastic stiffness (left) and specific elastic stiffness (right) with Poisson’s ratio

obtained from FE simulations for regular (solid circles) and random lattice structures. An envelope

is drawn on data for lattice structure with regular unit cells. Results of different methods for the

generation of random microstructures are spread as in this envelope.

3.4 Conclusion

The ability to independently tailor the elastic modulus and Poisson’s ratio and cover a

broad area of the associated plane of the elastic properties (Figure 3.9) has many prac-

tical applications such as in the design process of biomedical implants and scaffolds.

Furthermore, this possibility could be used in the design of structurally applied auxetic

metamaterials whose functionality is driven by their (low) Poisson’s ratio but are si-

multaneously required to exhibit high stiffness values to ensure sufficient load bearing

capacity.

It could also serve as a general platform for the rational design of (soft) mechan-

ical metamaterials. From the mechanistic viewpoint, patterned randomness and the

interplay between the unit cells with positive and negative Poisson’s ratio may be in-

terpreted in analogy with the roles played by dislocations and precipitates in polycrys-

talline metallic materials. Random positioning of different types of the unit cell has the

tendency to change stress flow, thereby resulting in the blockage or faster propagation

of the far-field deformations. Those modifications in the deformation paths may be

respectively manifested at the larger scales as increased or decreased stiffness, while

not necessarily influencing the lateral deformation and, thus, the Poisson’s ratio. Addi-

tional patterns of randomness and more diverse topological designs of the unit cells are

expected to broaden the range of accessible properties even further.
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In summary, we proposed patterned randomness in the positioning of auxetic and

conventional unit cells as a strategy for independently tailoring the elastic modulus

and Poisson’s ratio of soft mechanical metamaterials made with indirect additive man-

ufacturing. While metamaterials with homogenous and uniform arrangement of unit

cells create the boundaries of the area covered in the elastic modulus-Poisson’s ratio

plane, the designs incorporating patterned randomness fill the enclosed area. Patterned

randomness could, therefore, serve as an additional tool in the rational design of me-

chanical metamaterials.
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CHAPTER4

Shape Prediction with Soft Mechanical

Metamaterials Under Mechanical Stimuli

From the manuscript accepted for the publication in 1

4.1 Introduction

Mechanical metamaterials are materials whose macro-scale properties such as unusual

deformation characteristics directly originate from their (small-scale) topological de-

sign [45, 68, 193, 207]. Rational topological design of metamaterials could lead to

properties and functionalities not usually offered by natural materials such as negative

Poisson’s ratio (auxetics) [63, 67, 208], negative compressibility [45], elastic hystere-

sis [209], independent tailoring of elastic properties [210], snapping deformations [70],

and shape-changing with vibration-mitigation capability [211] and out-of-plane defor-

mation through 3D design of architectured metamaterials [212].

Metamaterials have also potential applications in shape-changing materials that are

kinematically inspired by kirigami/origami-based designs [213], fractal cuts [214], de-

ployable morphing [215], pattern switching [216], or strain amplification elements

1 M. J. Mirzaali, S. Janbaz, M. Strano, L. Vergani, A. A. Zadpoor, Shape-matching soft mechanical metamaterials, Scientific

Reports, doi:10.1038/s41598-018-19381-3
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Stimuli

working through auxetic unit cells [217]. A novel objective in the design of shape-

changing metamaterials is achieving a pre-defined shape upon loading through what

we here call “shape-matching” materials.

Shape-matching metamaterials have a myriad of potential applications most no-

tably in soft robotics [218, 219] and wearable (medical) devices. For example, shape-

matching metamaterials could be used to design soft grippers that grip delicate objects

with the maximum surface contact and, thus, minimum contact force. Wearable (med-

ical) devices such as exosuits [220], prosthetics and orthotics [221], and tunable me-

chanical memory [222] are the other potential areas of application. Finally, the fashion

design industry [223] may also be able to benefit from shape-matching or form-fitting

materials.

4.2 Materials and Method

4.2.1 Sample Preparations and Geometrical Features of Prototypes

Here, we demonstrate soft shape-matching metamaterials that are designed by ratio-

nally combining auxetic, conventional, and transitional unit cells into a cellular solid,

and are indirectly additively manufactured from elastomers (Figure 4.1). We used an

equal aspect ratio for the longitudinal and transversal dimensions of all unit cells for

easier integration of the unit cells with different reference angles in a planar cellular

structure. This enables us to combine auxetic and conventional unit cells in the longitu-

dinal direction, which could be also replicated in the transverse direction. Arrangement

of unit cells with different values of the Poisson’s ratio could then be used to program

the lateral deformation of the cellular material upon deformation. The inverse prob-

lem of rationally designing a shape-matching metamaterial then reduces to the problem

of finding the combinations of the Poisson’s ratios that give rise to the desired lateral

deformation and mapping those values of the Poisson’s ratios back to unit cell designs.

To design the first prototypes, we divided the length of the specimen into three

regions, i.e. auxetic, transitional, and conventional (Figure 4.1a). When designing the

cellular structures, we assumed that the parameters c and w (Figure 4.1a) are constant

for both auxetic and conventional unit cells ( c
w

= 3). The interior angle of each unit

cell could therefore change the geometry of the unit cell from auxetic (48◦ < θ < 90◦)

to conventional (90◦ < θ < 120◦). In the transitional region, the angle of each unit

cell linearly changed from the auxetic angle to conventional one. We fabricated four

prototypes with different unit cells in each of those three regions. The total numbers

of unit cells in the longitudinal direction, m = 18, was similar for all specimens. The

total length of each specimen was therefore L = c × m. The number of unit cells
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in the transverse direction, n, was also fixed (n = 7). The width of each specimen

was therefore W = 2n × w. The design parameters for all specimens are presented in

Table 4.1.

Table 4.1: The parameters of the prototypes fabricated with indirect additive manufacturing.

parameters c [mm] w [mm] n [−] m [−] L [mm] W [mm] tlattice [mm] tligament[mm]

15 5 7 18 270 70 7 0.7

We used indirect additive manufacturing to fabricate the specimens. A mold was

designed and additively manufactured using a fused deposition modeling (FDM) 3D

printer (Ultimaker 2+, Geldermalsen, The Netherlands) from polylactic acid (PLA) fil-

aments (MakerPoint PLA 750 gr Natural) (Figure 4.2a). Subsequently, an elastomeric

polymer (Elite Double 8, Zhermack, Badia Polesine, Italy) with a one-to-one ratio of

the base to catalyst was poured into the mold. Once the specimens had cured, i.e. after

≈ 1 hour, the mold was removed. The final shapes of all specimens are presented in

Figures 4.1b and 4.2.
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Figure 4.1: a) A schematic drawing of the auxetic and conventional unit cells. The angle, θ, varies

between 48° and 120°ḃ) Four specimens with three zones (auxetic, transition and conventional) were

fabricated. Computational models were developed for each specimen and the simulation results

were compared against experimental observations. The specimen naming convention follows the

NoANoTNoC format where “No” shows the number of unit cells in each region, while A, T, and,

C stand for the number of unit cells in the auxetic, transitional, and conventional regions. In the

transitional region, unit cells were linearly changed from auxetic to conventional unit cells. In all

experimental specimens, c
w

= 3. Index refers to the points at the corner of each unit cell where the

lateral strains were calculated. c) The strains of cellular structures calculated for different c
w

ratios

and reference angles (longitudinal strain = 20 %). Numerical results were also compared with the

analytical relation (Equation 4.2) in the literature [224] for the calculation of lateral strains.
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a)

b)

Figure 4.2: Indirect additive manufacturing was used for the manufacturing of the prototypes. For this

goal, first a mold was additively manufactured (a). Then, elastomeric polymers were poured into the

mold. After being cured, the final specimen was extracted by breaking the mold (b).
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4.2.2 Experimental Testing

The specimens were deformed under displacement-controlled tensile loading applied

by a mechanical test bench (LLOYD instruments, LR5K, load cell=100 N, displace-

ment rate = 50 mm
min

). Time, force, and displacement were recorded at a sampling rate

of 20 Hz. Simultaneously, the deformation was captured by a digital camera. After

the test, the first and last frames of each video was selected and converted into binary

images. The middle junctions in each unit cell at the left and right sides of the structure

were highlighted by points in the images. Then, the highlighted regions were dilated

to one pixel. The initial width of each unit cell, Wj , was calculated from the first im-

age as: Wj = X(j,right) − X(j,left), where j = 1 : 36 shows the number of points in

the total length of the structure, also called as index, and Xj stands for the position

of each point measured in terms of pixels. Every two points belong to one unit cell.

Similarly, after deformation, the final width of each unit cell, W
′

j , was calculated as

W
′

j = X
′

(j,right) −X
′

(j,left). Finally, the lateral strain was defined as ε(j,xx) =
W

′

j

Wj
.

4.2.3 Computational Modeling

Computational models of the metamaterials were created with ABAQUS, 6.14. A hy-

perplasic Neo-Hookean material model (C10 = 0.106 MPa and D1 = 0.03 1
MPa

) and

plane-stress elements (CPS8) were used in the models. The material coefficients were

determined using the standard experimental protocols for testing elastomeric materials

in tension (ASTM D412 Type C) and compression (ASTM D 575-91). The out-of-

plane thickness, tlattice, of the structure and the thickness of each ligament, tligament

were respectively set to 10 mm and 1 mm. Two reference points were defined at the top

and bottom of the model and were tied to two nodes from the corresponding locations.

The bottom reference point was fixed while the top reference point was displaced far

enough to create 20 % longitudinal strain. An implicit nonlinear solver (Abaqus Stan-

dard) was used for the simulations. The lateral strain calculated for the computational

models were evaluated in a way similar to those of the experiments. Several node sets

were defined at the internal hinges of the unit cells located at the left and right sides

of the structure. The mean lateral displacements U(j,left), U(j,right) were calculated for

each node set. The lateral strain was then obtained as: ε(j,xx) =
U(j,right)−U(j,left)

W
.
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4.3 Results and Discussion

4.3.1 Change of Lateral Strains on Uniform Lattice Structures

For the first analysis, we created unit cells with pure auxetic and conventional lattice

structure. These specimens were experimentally tested (Figure 4.3). We found out that

auxetic unit cells reached the saturation levels of strains earlier than conventional unit

cells. The maximum level of lateral strain that could be reached with fully conventional

structures is lower than the combined structures. This information is essential for proper

design of samples that combine auxetic and conventional unit cells.
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Figure 4.3: Lateral strain at four different longitudinal strains for pure auxetic and pure conventional

lattice structures. The angle of auxetic and conventional structures were 48 and 120, respectively.

73



Chapter 4. Shape Prediction with Soft Mechanical Metamaterials Under Mechanical

Stimuli

4.3.2 Effects of Transverse Number of Unit Cells on the Lateral Strain

We also performed experiments to evaluate the effects of the number of unit cells in

the transverse direction of the structure on the lateral deformation. We found that the

number of the unit cells in the transverse direction only influences the amplitude of the

deformations but not the lateral strains of the structure 4.4.
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Figure 4.4: The effects of the number of unit cells in the transverse direction of combined structure on

the lateral strains. Results are plotted at four extension levels (a-d). Equal number of conventional,

auxetic and transitional unit cells were considered for the construction of these specimens.

4.3.3 Experimental Results of Combined Lattice Structures

Considering the experimental results for the combined structures, it was observed that

changing the regions (auxetic, transition, conventional) in the structure does not influ-
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ence the maximum lateral strains in the auxetic unit cells (if we compare those results

with the lateral strain we obtained for pure auxetic and conventional lattices in Sec-

tion 4.3.1). However, due to the geometrical features of the conventional unit cells,

they were more sensitive to the boundary conditions and deformation of the adjacent

unit cells. In the transitional region, we found that lateral strain linearly changes along

the length (Figures 4.5 and 4.6).
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Figure 4.5: Comparison of lateral strains at different levels of longitudinal expansion for four combined

specimens. The specimen naming convention follows the NoANoTNoC format where “No” shows

the number of unit cells in each region, while A, T, and, C stand for the number of unit cells in the

auxetic, transitional, and conventional regions. In the transitional region, unit cells were linearly

changed from auxetic to conventional unit cells. In all experimental specimens, c
w
= 3.
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Figure 4.6: Individual lateral strains at different levels of longitudinal expansions for four combined

specimens. a) 3A6T9C, b) 7A4T7C, c) 6A6T6C, d) 9A6T3C. The specimen naming convention follows

the NoANoTNoC format where “No” shows the number of unit cells in each region, while A, T, and,

C stand for the number of unit cells in the auxetic, transitional, and conventional regions. In the

transitional region, unit cells were linearly changed from auxetic to conventional unit cells. In all

experimental specimens, c
w
= 3.

4.3.4 Comparison of Finite Element and Experimental Results

The lateral strains obtained computationally were found to be in good agreement with

experimental observations (Figure 4.1b). Having evaluated the accuracy of the com-

putational models, we expanded them to include other c
w

ratios, i.e. 2 and 4, for fully

auxetic and conventional lattice structures (Figure 4.1c). In those simulations, the to-

tal number of unit cells in the structure was kept the same to enable comparison with
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previous results and the lateral strain was calculated at the middle of the cellular struc-

ture. Our calculations showed changing this ratio does not drastically change the lateral

strains especially for the auxetic unit cells (Figure 4.1c). Therefore, we continued to

use c
w
= 3 as a reference ratio in the following designs. Furthermore, the computational

results showed an almost linear relationship between the lateral strains and the angle of

the unit cells (Figure 4.1c). This linear relation was used as the basis of our designs in

the next steps, where the applied longitudinal strain was fixed at 20 %:

ε = −0.005θ + 0.39. (4.1)

We compared our numerical simulations with the analytical relation found in the

literature [224]. Lateral strain in the conventional and the re-entrant honeycombs can

be calculated as:

εx = −
δ sin(θ)

b cos(θ)
. (4.2)

where, b and θ are the geometrical parameters of each unit cell (Figure 4.1a) and

δ = 0.2
cos(θ)(c−h)

as we fixed the applied longitudinal strain at 20 %. The geometrical

parameters, i.e. b,θ, c and h, were considered separately for individual unit cells and

the final lateral strains were compared with the numerical simulations. This comparison

shows a good agreement between the numerical and analytical results (Figure 4.1c).

Prediction of Arbitrarily-Defined Strain (Deformation) Functions

Having verified our computational models against experiments for a number of designs,

we developed a rational design platform based on the results of the computational mod-

els to achieve lateral deformations that match the countour of an arbitrarily-shaped ob-

ject. If the contour of the lateral deformation is discretized into a finite number of

sub-regions, auxetic and conventional unit cells could be used to create the desired lat-

eral deformation using Equation 4.1. The superposition of the deformations of all unit

cells was hypothesized to create the target shape. To assess the validity of that hy-

pothesis, we created a number of arbitrarily-defined strain functions (Y1-Y9) using a

three-terms Fourier’s-like series:

Y = a1sin(αω(x− 1)) + a2sin(2αω(x− 1)) + a3sin(3αω(x− 1)) (4.3)

where the parameters ω = 0.37 and a1,a2,a3,α (Table 4.2) were parametrically se-

lected in order to achieve substantially different mode of deformations and covering a

wide range of deformed shapes (Figure 4.7). x is the index of each unit cells in the
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longitudinal direction and changes between 1 and 18 (the total number of unit cells in

the longitudinal direction of the cellular structure). Using Equation 4.1, we selected the

angles of the auxetic and conventional unit cells such that their predicted deformation

would follow the strain functions generated by Equation 4.3 using the above-mentioned

coefficients (Figure 4.7). We then created computational models to determine the actual

deformation of the cellular structures that were designed using the predictions of Equa-

tion 4.1. Comparison between the actual deformations and the target strain functions

showed that the cellular structures designed using Equation 4.1 could closely follow

the target shape in all considered cases (Figure 4.7).

Table 4.2: The random parameters used in the definition of the functions (Y1-Y9).

Functions a1 a2 a3 α

Y1 0.15 0 0 0.5

Y2 0 0.15 0 0.5

Y3 0 0 0.15 0.5

Y4 0.068 0.068 0.068 0.5

Y5 0.15 0 0.075 0.5

Y6 0.075 -0.09 0.045 0.5

Y7 0.068 0.068 0.068 1

Y8 0.105 -0.053 -0.053 1

Y9 0.15 0 0.075 1
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Figure 4.7: The structures were designed in a way to fit the arbitrary functions (Y1-Y9). The parameters

of the functions are listed in Table 4.2. The longitudinal strain for each case is equal to 20 % of the

total length. The actual deformations determined using direct numerical simulations are also shown

(scaling factor = 3). Index refers to the middle point of each unit cell where the lateral strain is

calculated.
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Prediction of Boundaries of Real Objects

In the last step, we aimed to design cellular structures that would match the shapes

of three real objects including an anatomical model of the scapula (Sawbones, Vashon

Island, USA), a pumpkin, and a piece of Delft Blue pottery (a vase) (Figure 4.8). All

objects were photographed from the top view, which were then used to describe the

contours of the objects. The resulting contours then served as the target shapes for the

design of the cellular structures. We selected the reference angles of the auxetic and

conventional unit cells such that, according to Equation 4.1, their lateral deformations

match the captured contours as closely as possible. The total number of unit cells in the

transverse and longitudinal directions are therefore the only parameters that could be

freely chosen with more unit cells along the length of the structure resulting in smoother

approximations of the target curve. To use Equation 4.1, the design of the cellular struc-

ture needs to satisfy c
w
= 3, which could be achieved by isotropic scaling of the entire

structure. Assuming that we require a 20 % deformation of the metamaterial to match

the shape of the objects, the length of the cellular structures could be determined using

a deformation ratio of 1.2. Given the total length of the specimen and the parameter

c, the maximum number of unit cells along the length of the structure, m, was calcu-

lated. Having assumed the number of unit cells in the transverse direction, n+1, the

lateral strain could be calculated, which must be in the range of the minimum and max-

imum strains that fully auxetic and conventional structures could achieve. Finally, the

reference angles of the unit cells were selected using Equation 4.1. A flowchart in

Figure 4.8d shows the different design steps.

The cellular structures designed to match the shapes of the selected objects achieved

good approximations of their target contours (Figure 4.8a-c). The shapes of the objects

used here were selected based on the potential applications of shape-matching meta-

materials. Moreover, each object represented different types of shape variations. For

instance, the contour of the pumpkin requires the highest deformation amplitude. To

achieve such high amplitudes, it is necessary to define more unit cells in the lateral

direction of the structure (Figure 4.8b). The vase, on the other hand, has the smallest

length among three objects. Therefore, application of a scaling factor is required when

designing the shape-matching metamaterial (Figure 4.8c).

The fact that a simple equation such as Equation 4.1 and the superposition princi-

ple are very effective in designing soft metamaterials (whose deformation is nonlinear

in nature) is quite remarkable and enables fast design of shape-matching metamateri-

als without the need for (nonlinear) optimization algorithms. The presented technique

could be expanded for the prediction of the deformations at lower (i.e. micro-) scales.

While we used here mechanical loading to deform the specimens, shape-matching
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Figure 4.8: Matching the shapes of three real objects including an anatomical model of the scapula (a),

a pumpkin (b), and a Delft Blue pottery piece (a vase) (c). d) The flowchart of the design procedure.

could be also activated using magnetic, thermal, or electrical stimuli. Shape memory

polymers are the other candidates for such designs [225–228].

There are some limitations in the presented approach that are dictated by the max-

imum strains that could be achieved by conventional and auxetic unit cell. In general,

auxetic unit cells tend to deform faster than the conventional ones and reach a level of

saturation and robustness at higher longitudinal strains. This affects the connection be-

tween conventional and auxetic unit cells and prevents the conventional unit cells from

complete deformation (see Figure 4.5 and 4.6). For this reason, we fixed the level of

axial strain to 20 % so that we will ensure different unit cells can reach their maximum

expansion without being affected by the adjacent unit cells.

The next steps would entail extending the presented technique to the case of three-

dimensional shapes such as the shapes described by the surface of human body. One

way of creating 3D structure is rolling the proposed 2D lattice structures to create

tube-like structures. The shape-matching behavior of such axisymmetric structures is

expected to be similar to those of 2D structures. For arbitrary 3D shapes, similar dis-

cretization method on surfaces rather than lines can be applied, although the complexity

of the problem will increase due to the unknown interaction of individual unit cells. Di-

rect 3D printing with similar elastomeric polymers could be used for the production of
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such 3D structures.

In summary, we presented a design platform for the rational design of shape-matching

soft mechanical metamaterials that combine functionally graded auxetic and conven-

tional unit cells. The platform is shown to be able to match the arbitrary shapes created

by three-term Fourier’s series as well as the shape of real objects. Shape-matching

materials have potential applications in soft robotics, wearable (medical) devices, and

fashion industry.
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CHAPTER5

Crumpling of Porous Sheets

From the manuscript published as1

5.1 Introduction

Crumpling and folding of thin-wall objects are frequently encountered in nature, tech-

nology, and everyday life. Examples are morphogenesis of brain cortex [229], flower

buds [230], and crumpled graphene [231]. The physics of crumpling has recently

received increasing attention [232]. In particular, several studies have tried to re-

veal the relationship between the topological features induced during the crumpling

process and the level of compaction and the associated forces [232–237]. The high

strength and energy absorbance capabilities of crumpled structures have been studied

as well [236, 238].

Crumpling could repeat itself under confined and controlled conditions. Under-

standing the physics of crumpling in such controlled experiments could be helpful

for designing crumpling-based metamaterials, where crumpled structures act as the

building blocks. Crumpling a thin sheet create a low weight structure with significant

stiffness and robust mechanical response against disorder and noise which are abun-

1 M. J. Mirzaali, M. Habibi, S. Janbaz, L. Vergani, A. A. Zadpoor, Crumpling-based soft metamaterials: the effects of sheet

pore size and porosity, Scientific Reports, 7, Article number: 13028 (2017), doi:10.1038/s41598-017-12821-6
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dant in real world applications [232]. Inherently random geometric configurations in

crumpled-based metamaterials make them less sensitive to topological and geometri-

cal imperfections as compared to ordered metamaterials whose material properties are

strongly dependent on precisely controlled topological designs. Moreover, controlled

crumpling provides a way for transforming the shape of initially flat structures to a

complex three-dimensional topology that gives rise to the desired metamaterial prop-

erties. The initially flat state of the matter could then be used to decorate the surface

of the sheet with functionality-inducing features [239]. Therefore, crumpled structures

are promising candidates for designing bio-metamaterial. However, their morphology

and mechanical response need to be studied in order to tailor the desired properties. In

the context of meta-biomaterials, i.e. metamaterials used for improving tissue regen-

eration, the surface features could, for example, be nano-patterned that guide stem cell

differentiation and fate [45, 240]. For such applications, however, the crumpled shape

of the meta-biomaterial should be porous to allow for cell migration, oxygenation, and

nutrition. Starting from a holey thin sheet would allow for obtaining a porous crumpled

shape with pore sizes and porosities dependent on the degree of crumpling and the area

fraction of the sheet. This could provide a single-step approach for fabricating porous

meta-biomaterials with (nano-) patterned surfaces.

In the recent work, the effect of material properties on morphology and mechanical

response of a crumpled thin sheet was studied in detail experimentally and has been

shown that there is a strong link between the morphology and mechanical response of

the crumpled structure [232]. However, introducing holes to a flat sheet before crum-

pling can considerably change the crumpling mechanism and make it more complex.

As far as we know, crumpling behavior of holey thin sheets has never been studied

before, and the effects of hole size and hole area fraction on the physics of crumpling

are unknown. In this paper, for the first time, we investigate the effects of hole size

and area fraction on the crumpling behavior of thin elastic sheets in order to design

bio-metamaterials.

5.2 Experimental Procedure

5.2.1 Sample Preparation and Test Setup

We have used Mylar sheets (CLAYRTON’S®) of 30 microns. Samples were divided

into four different categories: i) Mylar sheets without any hole, in three different sizes:

300 mm × 300 mm, 268 mm × 268 mm, and 232 mm × 232 mm. The 300 mm by

300 mm samples were regarded as the reference samples while in the other two sizes in

this category we have reduction of 20 % and 40 % of the area respect to the reference

84



5.2. Experimental Procedure

sample. ii) Mylar sheets with a hole area fraction of 10 %, meaning that the total sheet

area was ten times larger than the area of the holes. For the samples in this group, three

unit cells size, L, of 30 mm × 30 mm, 20 mm × 20 mm and 10 mm × 10 mm with

different hole sizes were chosen. iii) Mylar sheets with an initial hole area fraction of

20 %. Three different unit cell sizes, i.e. 10 mm by 10 mm, 20 mm by 20 mm, and

30 mm by 30 mm, with various hole sizes were considered. iv) Mylar sheets with an

initial hole area fraction of 40 %. Similar to the samples in groups ii and iii, three hole

sizes have been taken into account in this group. The total size of the sheet was kept

constant (i.e. 300 mm × 300 mm) for the samples in groups ii to iv. The pores, D, (see

Figure 5.1) in the sheets were created using standard arch punch sets. A total number

of holes in a sheet are shown by m oriented in a regular pattern. For each group, eight

specimens were tested. The number of specimens per group was determined based on

a preliminary study.

We used an experimental setup similar to the one previously described in [232] for

the crumpling of Mylar sheets to achieve an isotropic crumpling condition. The setup

consists of a net of fishing wires uniformly distributed around the crumpled sheet. The

wires go through a hole and are attached to a bucket that will be filled with different

weights. Eight varying levels of weights were gradually added to the bucket, which

resulted in stepwise crumpling of the specimens. The samples were allowed to relax

for 3-5 min after adding each weight in order to reach the equilibrium. For every step,

images were taken from the crumpled specimens using a digital camera. The images

were taken in two perpendicular planes. A circle was fitted to the crumpled specimens

to measure their size and, thus, their deformation. The average of the diameters mea-

sured in two planes was considered as the size of the sample (Figure 5.1). To validate

the robustness of the experiments, Intra- and inter-observer analysis was also performed

which will be described in Section 5.2.2.

To find out the maximum number of samples in order to reach a convergence in the

crumpling exponent, we created four more specimens and added them to the current

eight specimens that were tested in the group UC3030-40. We calculated the crum-

pling exponent by analyzing different permutations of these twelve specimens. 1000

simulations were performed to take into account all possible combinations. The dif-

ference between the mean value for the crumpling exponent calculated from fitting a

power-law on twelve specimens and eight specimens were less than 2 %. Similar rep-

etition analyses have been done for the samples in other groups. This analysis justified

the maximum number of specimens (eight sample in this study) required to reach a

convergence in the crumpling exponent.
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Figure 5.1: Comparison of force, F , with respect to the deformed dimension, d, (a) and normalized

deformation (b) for porous and non-porous Mylar sheets. Data are plotted on the logarithmic scale.

Specific geometrical parameters for each unit cell are determined in Table 5.1. Points represent mean

value of the compaction level, d, in these plots.

5.2.2 Intra- and Inter- Observer Analysis

All tests have been done by one observer. As we are not following a standard test set up,

and the test procedure seems to be subjective to the observer and initial condition, we

performed inter- and intra-observer reliability analysis. For the inter-observer analysis,

same experimenter repeated three tests for the samples in group UC1010-40 which

this group was randomly selected. The mean± standard deviation for the crumpling

exponent showed 0.45 % difference. As for the intra-observer reliability analysis, two

more observers were asked to repeat and follow same test protocols this time for the

samples in the group UC3030-20. Each observer performed three more tests. The

crumpling exponent obtained from the tests of observer 2 and observer 3 was in less

than 10 % difference that what obtained by the observer 1.

5.2.3 Micro-CT Scanning and Image Analysis

To study the role of hole edges on crumpling process, we used micro-computed tomog-

raphy (µCT), where two-hole area fraction, i.e. 20 % and 40 %, were considered and

three specimens were tested and scanned for each area fraction. The outer boundaries

of the hole in the porous sheets were highlighted by spraying a zinc spray (Motip®).
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Group Size of the Mylar

sheet [mm × mm]

Unit cell size (L×L)

[mm × mm]

D [mm] A0 [mm2] A1 [mm2] Initial

porosity [%]

Number of

pores, m

n

No por 300 × 300 300 × 300 0 100 100 0 0 6.59

No por-20 268 × 268 268 × 268 0 100 100 20 0 6.39

No por-40 232 × 232 232 × 232 0 100 100 40 0 5.60

UC1010-10 300 × 300 10 × 10 4 100 87.43 10 900 5.22

UC1010-20 300 × 300 10 × 10 5 100 80.37 20 900 6.13

UC1010-40 300 × 300 10 × 10 7 100 61.52 40 900 6.69

UC2020-10 300 × 300 20 × 20 7 400 361.52 10 225 6.09

UC2020-20 300 × 300 20 × 20 10 400 321.46 20 225 6.97

UC2020-40 300 × 300 20 × 20 15 400 223.29 40 225 7.31

UC3030-10 300 × 300 30 × 30 10 900 821.46 10 100 6.26

UC3030-20 300 × 300 30 × 30 15 900 723.29 20 100 6.60

UC3030-40 300 × 300 30 × 30 20 900 585.84 40 100 6.88
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Zinc has a different attenuation coefficient as compared to Mylar, meaning that the pore

edges could be distinguished with image analysis and the network of their positions

could be tracked during the crumpling process. The sprayed zinc ring was created by

offsetting the hole edges by 1 mm. The sprayed zinc remained adherent to the sheet as

the crumpling process proceeded. A µCT scanner (Quantum FX, Perkin Elmer, USA)

was used with a tube current and voltage of 180 µA and 90 kV, respectively. The ac-

quired images had a spatial resolution of 40 µm. The total imaging time was about 2

minutes. The specimens were crumpled to different degrees (various levels of forces)

using the same setup as described above. Their crumpling state was then frozen by

wrapping a tape sticker around them. The specimens were then scanned in the µCT

scanner. After scanning was completed, the sticker tape was removed from the sam-

ple, and the crumpling process was continued. Specimens were tested at five different

loads. The orientation of the specimens did not change during scanning and loading.

Image analysis was performed with ImageJ [179]. Using a Gaussian filter (ker-

nel size = 1.5), noises were removed from the image. The Otsu local thresholding

method [181] was used for segmentation of images, which resulted in a binary image

with a voxel value of 1 for the conductive ring and 0 for the air and plastic sheets

(Figure 5.2a-b). Three-dimensional binary images were skeletonized using the relevant

plugin in ImageJ [241]. The number of folding lines were measured by averaging the

number of particles in the mid-planes of the skeletonized images (Figure 2c).

5.2.4 2D Scanning of Crumpled Samples

The distribution of the ridges and crease lines in both holey and non-holey crumpled

sheets was measured by scanning and image analyzing the unfolded crumpled speci-

mens. For that purpose, we scanned five non-holey specimens as well as specimens

with 20 % hole area fraction using a laser scanner (Ricoh Afico mp c2050) with a res-

olution of 300 dots per inch (dpi) (Figure 5.3). The ridges and crease lines were iden-

tified in the scanned images using image processing algorithms available in ImageJ.

The region of interest (ROI) was a square (240.7 mm × 240.7 mm) at the center of the

unfolded sheets. A Gaussian filter with a kernel size of 1.5 was applied to minimize the

noise present in the scanned images. Images were then converted to an 8-bit format,

segmented using an Otsu thresholding algorithm, and skeletonized. We assumed that

the length of the pixels in the skeletonized image corresponds to the hinge lines in the

crumpled structure.
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Figure 5.2: µCT imaging of porous sheets with two levels of porosity of 20 % (a) and 40 % (b). The

pores in the sheets were highlighted by a conductive spray. The resolution of the µCT image is 40 µm.

c) Average of the number of folds from a skeletonize image calculated from three middle planes in the

µCT image. The number of folding lines seem to be constant during the compaction.

5.3 Results and Discussion

Based on the random nature of the experiments, a variation in the results was observed.

The mean ± standard deviation of the compaction level under different level of applied

forces for all the specimens are presented in Table 5.2.

The force-size curves measured for the specimens from different groups were gen-

erally similar in trend and seemed to be merely shifted (Figure 5.1a). Once scaled with

the ratio of the hole area to the unit cell area, i.e. A0

A1
, the shift observed in the abso-

lute force-deformation curves disappeared to a large extent and the majority of the data

points collapsed into one single trend-line (Figure 5.1b). We, therefore, concluded that

reduction in the area fraction is the most important factor controlling the crumpling be-
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No Porosity UC 1010

UC 2020 UC 3030

Figure 5.3: 2D scans of Mylar sheets with different pore size.

havior of the holey Mylar sheet. A linear regression model in the logarithmic scale was

fitted to the force-deformation data to obtain the power, n, of the power law (F ∝ dn)

best describing the compaction behavior of the specimens (Table 5.1). Statistical anal-

ysis was performed with R [188].

Crumpling a piece of paper into a ball and crushing the structure increases the den-

sity by reducing the radius of the ball. It is well known that the average number of

layers increases in a power-law manner with the size which results in a power-law de-

pendence of the force required for the compaction of the structure with its size [232]. It

has been shown that a simple folding model could capture the important features of dis-

ordered crumpling, including the above-mentioned power-law dependence. For a sheet,

90



5.3. Results and Discussion

folded n times repeatedly, the number of the layers and the effective bending rigidity

of the structure grows exponentially with the number of folding events n. Translating

the number of folding events into the final size of the structure explains the power-law

dependence of the number of layers and compaction force on the size [236].

We therefore expected to have a power-law dependence between the force and size

in our system. By plotting the force and the size in a log-log scale we observed the

expected behavior. However, for the first two data points in each series, corresponding

to small compaction forces at the beginning of the process, we observed deviations from

the expected trend. The exponents are obtained by fitting power law to the experimental

data. The fitted curves are represented by straight lines in log-log scales where the slope

of the lines give the exponents.

At the beginning of the compaction process, when the compaction force is small,

the crumpled structure is not spatially isotropic and the average number of layers is

only 2 or 3 layers. Therefore, the force distribution around the structure is not uniform.

This causes smaller average size and deviation from the power law expected for the

force-size behavior, as shown in Figure 5.1. By increasing the compaction force, the

average number of layers increases and we achieve more isotropic structures which

consequently satisfy the power-law trend, as it is expected.

The crumpling exponents, n, laid between the relatively limited range of 5.22 to

7.3 (Table 5.1). The crumpling exponents calculated for the normal Mylar sheets in

this study are within the range of those reported in [232]. These observations further

support the conclusion that the area fraction merely scales the crumpling behavior of

holey sheets to a large extent similar to that of the normal sheet. There are, however,

some secondary effects that arise due to the presence of the hole edges. For example,

there is a clear trend in the crumpling exponents where for a unit cell size, the crumpling

exponent increases with both hole area fraction (Figure 5.4a) and the perimeter of the

hole edges (Figure 5.4b). The increased crumpling exponents indicate that the force

required for crumpling increases more rapidly for the sheets with more holes. This

could be attributed to the effects of interlocking of hole edges and increase the frictional

contacts that require more force to overcome as compared to the crumpling of normal

sheets.

We also defined ligament slenderness ratio as a
L

similar to slenderness ratio in the

buckling of columns. Ligament slenderness ratio equals to 1 shows a sheet without a

hole. This parameter shows an inverse trend with respect to the crumpling exponent

(Figure 5.4c).

The number of folds, N , related to the hole edges increased with the compaction

level (i.e. the size of crumpled object d) (Figure 5.2). This is expected and is con-
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sistent with what has been found before for normal sheets where the total number of

layers in the crumpled structure has been found to increase the compaction level [232,

235, 236, 242]. Once scaled with respect to the number of holes in the sheet, m, the

trend lines cross each other for large d values (Figure 5.4b), indicating similar starting

points. The rate of increase in the number of edge-related folds is, however, around

2.5 times slower in sheets with higher hole area fraction (Figure 5.2b). This indicates

that fewer hole edges fold in sheets with higher hole area fraction, while the crumpling

process proceeds (Figure 5.2b). Given that increased hole area fraction slows down the

process of hole-edge folding, alternative paths that are energetically less favorable have

to be found for the crumpling process to proceed. Those less energetically favorable

pathways could explain the increase in the crumpling exponent with hole area fraction

(Figure 5.4a).

Analysis of the crease line and ridge patterns indicates that the length of the lines

is generally smaller in crumpled holey sheets as one expects (Figure 5.5a-d). The hi-

erarchical folding mechanism which occurs during the crumpling process supposed

to show log-normal distribution. However, it has been previously shown that at high

compaction rate the hierarchical nature of crumpling is influenced by self-avoid interac-

tions [243]. To obtain the distribution of the ridges in different specimens a log-normal

distribution was fitted to the histogram of the hinge length using the fitdistplus package

in R [244]. The log-normal distribution was computed using the pooled data for each
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where l is the hinge lines, and µ and σ are the mean and standard deviation, respec-

tively. The standard deviation calculated for the log-normal distributions, σ, decreases

as the number of holes increases (keeping the initial hole area fraction constant) (Fig-

ure 5.5e). Both above-mentioned observations suggest that hole edges act as bound-

aries limiting and guiding the propagation of crease lines and ridges. Several previous

studies have investigated the patterns of crease lines and ridges in normal crumpled

sheets [233, 234, 242, 245]. By extrapolating the results of the log-normal distribution

reported in [233] to obtain the standard deviation for sheets with a thickness of 30 µm,

one could obtain a standard deviation, σ, of 1.14. This value is calculated for a different

material (i.e. paper) and could be compared with the value we obtained for our normal

Mylar sheets (i.e. 0.82) (Figure 5.5e).
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5.4 Conclusion

In summary, we found area fraction of the hole to be the dominant factor influencing

the crumpling behavior of holey thin sheets. The force-deformation curves were largely

similar when scaled with respect to the hole area fraction and the crumpling exponents

laid in a relatively small range. Pore edges were, however, found to affect the crum-

pling behavior to some extent. In particular, the crumpling exponents increased with

increasing the area fraction and total hole perimeter. Moreover, increased hole area

fraction limited the formation of the hole edge folds. Finally, hole edges seemed to act

as boundaries limiting and guiding the propagation of crease lines and ridges within the

sheet.
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CHAPTER6

Concluding Remarks

Within different studies in this thesis project, we were able to implement two of most

important key design elements found in biological substances, known as functional gra-

dient and randomness, in the design of bio-inspired cellular materials. For this purpose,

we used and modified different manufacturing techniques such as conventional foam-

ing processes, additive manufacturing and crumpling process. Such an implementation

led to various mechanical and functional properties.

We summarize the important remarks obtained in these studies:

• We were able to modify the foaming production technique to reach closed-cell

aluminum foam with similar morphological and mechanical properties as trabec-

ular bones. That modification resulted in different pore propagation within the

structure including, heterogeneous, anisotropic or gradient pore distribution. That

modification can also be considered as a way of achieving various mechanical

properties of such materials.

• As a consequence, we showed how proper design of geometrical features in the

cellular materials could be used to reach enhanced mechanical properties.

• We used and introduced randomness as a design tool to reach properties that can-

not be reached by single uniform (homogeneous) materials. This has importance
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as random geometric configurations make the design less sensitive to the topo-

logical and geometrical imperfections. That strategy was used for independent

tailoring of elastic stiffness and Poisson’s ratio in mechanical soft metamaterials.

• It also has been shown that controlling and programming the functionality of ad-

vanced materials can be achieved by the rational design of their geometrical fea-

tures. We used that in shape prediction using metamaterials when such materials

are under mechanical loading.

• We also introduced crumpling as an easy method for the fabrication of materials

with robust mechanical properties. This manufacturing method is aimed to be

used in the design of meta-biomaterials.

Based on the results of these projects, we propose the following plans for the future

works. Some of these projects are ongoing at the submission date of this thesis.

• We proposed two modifications for the manufacturing of bone-inspired closed-cell

aluminum foams, i.e., positioning of precursor and using hot rolling. These two

methods will result in graded and elongated pore distribution in the foam struc-

tures, respectively. This can be further studied how mechanical and morphological

properties of foam materials can be altered if one combines these two processes

consequently.

• Functional gradient in the microstructure of soft metamaterials can be analyzed

with the aim of reaching different functional properties. We expect to have differ-

ent microstructural deformations under macroscopic far-field stimuli.

• 3D production of soft-metamaterials can be another topic for the future analyses.

This needs a proper design of unit cell in three-dimensional space.

• The idea of randomness can be extended to various other shapes for the unit cells.

That can also be used for reaching other properties.

• With the current multi-materials additive manufacturing techniques, it is also pos-

sible to fabricate multi-materials with random (stochastic) mechanical properties

where these properties are spatially distributed in the structure.

• Crumpling process can be done under the more controllable experimental proce-

dure. The idea of 2D functionalization and converting to 3D structures can also

be investigated more thoroughly by designing experimental packages and works.

This process can be used as a platform for designing new scaffolds. Therefore it

also requires more investigation from the biological point of view and cell cultural
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analysis. All of it needs further collaboration with other sectors such as material

scientist, biological engineers, and physicians.
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