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Abstract 

This thesis describes materials and strategies developed to replace rigid and noncompliant plastic 

tube, which causes injuries to the heart at the junction between the tissue and the tube in an ex-

vivo heart perfusion device. The research is composed of two main parts. The first part addresses 

mimicking the rapidly strain-stiffening J-shaped and anisotropic stress-strain behavior of human 

and porcine aorta, necessary for producing the Windkessel effect to ensure continuous blood flow 

through the aorta. First, the mechanical properties of human and porcine aorta were measured to 

quantify the nonlinear and anisotropic behavior under uniaxial tensile stress.  Secondly, fabric-

reinforced elastomer composites were prepared by reinforcing silicone elastomers with embedded 

knitted fabrics in trilayer geometry. Finally, improved analytical constitutive models based on 

Gent’s and Mooney-Rivlin’s constitutive model (to describe the elastomer matrix) combined with 

Holzapfel–Gasser–Ogden’s model (to represent the stiffer fabrics) were developed to verify aorta-

like behavior of fabric-reinforced composites. The second part of this thesis included design of a 

material that limits the peak pressure in aorta by expanding to accommodate a large stroke volume. 

Recent advances in additive manufacturing techniques have enabled the development of novel 

materials with enhanced mechanical properties derived from carefully designed geometry known 

as metamaterials. To eliminate the consequences of aortic stiffening at high pressure, a 

metamaterial with unique strain-softening property at peak pressure coming after J-shaped strain-

stiffening property is proposed. Thus, the second part of this thesis includes a thorough review 

covering design criteria and fabrication strategies of the bioinspired metamaterials, followed by a 

few of my original experimental trials. 
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1 Introduction 

1.1  Heart Perfusion Device 

Heart transplant is a live-saving operation because it is the only definitive therapeutic option for 

patients with end-stage heart disease [1]. Following the pioneering success of heart transplant 

surgery in 1967, more than 100 000 heart transplants have been completed globally [2]. Most of 

these procedures depended on cold bath preservation of the donor heart at 4 °C due to simplicity, 

inexpensiveness and reliability of this method [2]. However, this method is far from ideal for this 

application, prolonged ischemia time has been demonstrated to be one of the most important 

factors in early graft dysfunction, therefore the most frequent cause of death within the first month  

[3]. Within one year, less than two hours of ischemic time is associated with less than 15% of 

treated rejection, while 6 hours is associated with more than 20% of treated rejection, after this 

time the donor heart is discarded [4]. This cold ischemic time limits this operation because of the 

small donor organ supply [5] and the transportation is limited to short distances  [3]. Furthermore, 

while amount of people in need of a heart transplant continues to increase, the donor pool remained 

stalled  [1]. A promising alternative for heart preservation is transportation of the heart in a beating 

normothermic perfused state.  

Studies have shown that normothermic ex-vivo heart perfusion contributes to a significant 

reduction in time spent in cold ischemia, as well as better outcomes after transplantation in terms 

of recipient survival, episodes of primary graft dysfunction, and acute rejection [3], [6], [7], [8]. It 

also allows for heart procurement at longer distances and biochemical and functional monitoring 

of the donor heart. Although the theoretical advantages of normothermic donor heart perfusion 

have been recognized for over a century, the technology to implement this method has only been 
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developed within the last decade. The Organ Care System (OCS) shown in Figure 1.1a, which is 

designed and manufactured by TransMedics Inc. is currently the only commercially available 

device with this capability [2].  

A current challenge facing our ex-vivo perfusion device includes a judicial material design for the 

blood outlet tubing from the heart, which replaces the role of the ascending aorta from the left 

ventricle. Commercially available plastic tubings, such as Tygon tube, are too rigid and non-

compliant and can thereby cause injury of the soft and beating heart tissue at the heart-simulated 

aorta junction as shown in Figure 1.1b. The problem is aggravated with the lack of the Windkessel 

effect when the heart is ejecting in working mode, by which the human aorta acts as a shock-

absorbing reservoir to prevent injury from the pulsed supply of blood from the beating heart and 

to produce “nearly continuous peripheral blood flow” [9]. Conversely, soft tubing materials, such 

as room-temperature vulcanizing (RTV) silicones, do not allow blood to circulate due to 

overexpansion at minimal pressure changes [10].  

 

Figure 1.1. Ex-vivo heart perfusion. a) Schematic of The Organ Care System (OCS). Reproduced 

with permission from [1]. b) Stiff blood outlet tubing from the heart.  



3 

 

The goal of the first part of this thesis is (i) to measure stress-strain behavior of the human and 

porcine aortas, (ii) to design and fabricate the fabric-reinforced elastomers that mimic the 

mechanical properties of the aortas, and (iii) to develop analytical models to describe the 

mechanical properties of the aortas and the fabric-reinforced elastomers. 

The second part of this thesis is to design a metamaterial that is able to achieve a steady-state blood 

flow in high blood pressure conditions and limit the peak pressure in aorta by expanding to 

accommodate a large stroke volume.The material must ensure that maximum blood pressure does 

not rise above physiological systolic pressure range. Strain hardening at low strains to allow 

Windkessel effect, followed by strain softening at high strains to eliminate peak pressure, is the 

key feature to enable the steady state. Such mechanical behavior does not exist in natural materials 

but is hypothesized to be achieved with synthetic material design. Recent advances in additive 

manufacturing techniques have enabled the development of novel materials with enhanced 

mechanical properties derived from carefully designed geometry known as metamaterials. While 

the project is unfinished during my MSc years, I comprised a thorough review covering design 

criteria and fabrication strategies of the strain-stiffening-softening metamaterial, followed by a few 

of my original experimental trials. 

 

1.2  Mechanical properties of arterial walls 

1.2.1 Windkessel effect 

As mentioned above, natural aorta possesses a Windkessel function, which is crucial for normal 

heart operation. During systole the left ventricle ejects a stroke volume of about 60-100 ml into 

the aorta and arterial system. As shown in Figure 1.2, approximately 50% of the stroke volume is 
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directly forwarded to the peripheral circulation. Peripheral resistance and elastic extension of the 

aortic wall are responsible for storage of the other 50% of the stroke volume, the storage volume. 

During diastole the aortic valve is closed and there is no further blood ejection. With a fall in aortic 

pressure, the aorta recoils slowly and the elastic forces of the aorta press the storage volume into 

the periphery of the circulation. Thus, during diastole as well, pressure and blood flow are 

maintained and a nearly continuous peripheral flow of blood results in spite of the noncontinuous, 

rhythmic actions of the heart.  

One other mechanism important for maintenance of a relatively high diastolic pressure and blood 

flow should be mentioned here: In a healthy organism, the pulse wave velocity of the aorta and 

large vessels is relatively slow. When this wave is reflected in the peripheral circulation, it returns 

to the ascending aorta during early diastole, inducing the dicrotic wave [11]. This mechanism 

supports the elastic function of the aorta. It should also be noted that this second increase in 

pressure is dampened by the Windkessel function. The Windkessel function depends on the 

elasticity of the aorta. Physics defines deformable materials as elastic when after discontinuation 

of an external force they readopt their original shape. Any elastic body can store energy without 

loss of energy [9]. During one heart action, the kinetic energy of the ejected stroke volume is first 

transformed into potential energy within the distended aortic wall. This stored potential energy is 

then reconverted into kinetic energy during diastole, when the aorta slowly recoils. Thus, in spite 

of the diastolic pauses of the heart, the column of blood within the peripheral arteries does not 

come to a diastolic stop and blood pressure does not drop to zero, as would happen in a system of 

stiff tubes [9]. 
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Figure 1.2. The effect of compliance in the Windkessel function of aorta. During systole, the 

compliant aorta expands to store 50% of the stroke volume and delivers it during diastole, thus 

ensuring continuous blood flow. Tygon tube is unable to expand to store blood and deliver 

continuous flow. 

 

1.2.2 J-shaped stress-stress behavior (rapid stress-stiffening) of aorta  

Windkessel effect relies on the interaction between the stroke volume and the compliance of the 

aorta. Arteries must be distensible to provide capacitance and pulse-smoothing in the circulation, 

but they must also be stable to inflation over a range of pressure. This is achieved by the most 

important mechanical property of the artery wall, which is non-linear elasticity. Over the last 

century, this has been well-documented in vessels in many animals, from humans to lobsters  [16]. 

Strain-dependent increases in the elastic modulus of the vascular wall, manifest by a J-shaped 

stress–strain curve, as typically exhibited by other soft biological tissues. All vertebrates and 

invertebrates with closed circulatory systems have arteries with this non-linear behaviour, but 

specific tissue properties vary to give correct function for the physiological pressure range of each 

species. In all cases, the non-linear elasticity is a product of the parallel arrangement of rubbery 
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and stiff connective tissue elements in the artery wall, and differences in composition and tissue 

architecture can account for the observed variations in mechanical properties. This phenomenon 

is most pronounced in large whales, in which very high compliance in the aortic arch and 

exceptionally low compliance in the descending aorta occur and is correlated with specific 

modifications in the arterial structure. It turns out that non-linear behaviour is the key to elastic 

stability in any highly distensible pressure vessel, protecting against aneurysms and ‘blowout’ 

[12]. 

1.2.3 Anisotropic stress-stress behavior of aorta  

In addition to its J-shaped stress-strain behavior, human aorta is also known to have significant 

anisotropy [13], [14]. Here, higher stiffness in the longitudinal direction prevents excessive 

stimulation of the anastomotic regions, while compliance in the circumferential direction prevents 

flow disturbance [15]. Hence, anisotropy is another property of natural aorta that synthetic 

materials often lack and is important to mimic. 

1.2.4 Anatomy of arterial wall 

In order to mimic natural aorta with the J-shaped and anisotropic mechanical properties, it is 

critical to understand the underlying mechanism of these properties. The aorta has a composite 

structure and thus its nonlinear properties come from the combination of both elastic and stiff 

fibrous components. The main structural components of the arterial wall are elastin and collagen, 

elastin is a rubber-like protein with a modulus of 0.6–1 MPa [16], whereas collagen is stiff and 

relatively inextensible with a modulus of around 1 GPa [16]. Both elastin and collagen appear as 

wavy and crimped strands, thus the resulting structure is easy to accommodate a low level of strain 

[12], [17]. The initial low modulus response at low strain is attributed to elastic elastin fibers, while 
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the stiffening at the higher strains is due to progressive straightening of elastin and collagen fibers 

[16]. Anisotropy mainly arises from the orientation of collagen fibers in the arterial wall [18]. As 

seen from Figure 1.3, healthy arterial wall constitutes of three main layers: intima (inner layer), 

media (middle layer), and adventitia (outer layer) [19]. The intima, the innermost layer, is thin and 

easily traumatized. This layer is in direct contact with the blood inside the vessel and mainly lined 

by endothelium [19]. The media is responsible for imparting strength to the artery and consists of 

laminated but intertwining sheets of elastic tissue. The arrangement of these sheets in a spiral 

provides the artery with its maximum allowable tensile strength. Media contains smooth muscle 

cells, a network of elastic and collagen fibrils and elastic laminae which separate media into a 

number of fiber-reinforced layers. The outermost layer is adventitia, which largely consists of 

collagen to prevent the artery from over inflation and stretch [20]. The collagen fibrils in media, 

for example, are arranged in helical structures and are mostly circumferentially oriented. This 

structured arrangement allows media to resist high loads in the circumferential direction [19]. 

Thus, differences in composition and orientation of stiff constituents give rise to anisotropy. 

`  

Figure 1.3. Schematic model of elastic artery composed of three layers: intima, media, and 

adventitia.  Reproduced with permission from [21]. 
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Therefore, as the aorta itself is a composite structure of rubber-like and fiber-like constituents, in 

the first part of this thesis, fabric-reinforced composites were developed to mimic mechanical 

properties of natural aorta. Commercially available fabrics and elastomers were tested to find the 

most suitable combination to mimic the J-shaped and anisotropic properties of aortas. 

1.3  Beyond aorta – the stress-stiffening-softening property  

Thee first part of this thesis focuses on achieving two material properties to mimic natural aorta: 

nonlinear J-shaped stress-strain behavior and anisotropy, which are known to underpin the 

Windkessel effect. Another challenge for the ex-vivo perfusion device is not only to mimic aorta 

behavior, but to achieve a steady-state condition in which regardless of the blood flow, the material 

is able to maintain the physiological pressure range. The basic hemodynamic effect of elevated 

blood stroke volume is increase in arterial pressure [22], which in turn increases aortic wall stress 

and causes aortic stiffening and descreased compliance [23]. Moreover, this condition gives rise 

to early pressure wave reflection to the aortic root, which causes greater vascular load on the heart, 

which can lead to myocardial hypertrophy and heart failure [24], [25]. The elevated pressure could 

also be the cause of endothelial dysfunction and hemolysis [24]. 

To eliminate the consequences of aortic stiffening at high pressure, we are aiming to introduce a 

metamaterial with unique strain-softening property coming after J-shaped strain-stiffening 

property. We anticipate that stress-softening at elevated pressure could decrease the stress on aortic 

wall and avoid counter flows that could damage heart. Hereafter, it is termed as the strain-

stiffening-softening property. 

For this study, an ideal strain-stiffening curve is built considering the physiological range of the 

aorta which is from 30 to 120 mmHg [6], [26], [27]. Regardless of stroke volume, the pressure in 
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aorta should not rise above systolic pressure of 120 mmHg. It was established that pressure range 

of 80-120mmHg corresponds to average wall stress of 120kPa [28]  to 200kPa [29] (Figure 1.4). 

For this thesis, 120kPa was set as maximum pressure on aortic wall and stress-softening will be 

introduced at the value.  

 

Figure 1.4. Physiological range of pressure. a) Trends in the aortic pressure during 12 h of ex-vivo 

heart perfusion. Reproduced with permission from [27]. b) Calculated wall stress (in MPa) 

corresponding to physiological pressure range of 80-120 mmHg. Reproduced with permission 

from [29].  

Metamaterials are carefully structured materials that are composed of periodically arranged 

building blocks and display properties superior to their constituent materials. In the past two 

decades, metamaterials have been utilized to manipulate optical, acoustic and thermal fields to 

obtain unusual properties, such as a negative refraction index and resulted in new applications, 

such as perfect lenses [30]. Mechanical metamaterials represent a new branch of metamaterials 

research, where motion, deformations, stresses and mechanical energy are investigated. The meta-

atoms, building blocks of mechanical metamaterials, deform, rotate, buckle, fold and snap in 

response to applied mechanical forces and are designed to act together to yield a desired collective 
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behavior. We hypothesize that by careful design of mechanical metamaterial, the desired stress-

hardening-softening behavior can be achieved. 

The recent advances in computer-aided design (CAD) and additive manufacturing allow for a rapid 

and low-cost fabrication of complex structures with a fine resolution [31], [32]. In the proposed 

study, we aim to use two additive manufacturing techniques, SLA and PolyJet 3D printing to 

produce custom-developed sine-wave based models encapsulated in soft polymer matrices to 

achieve a metamaterial with unique strain-softening property coming after J-shaped strain-

stiffening property, i.e., the stress-stiffening-softening property. 

 

1.4  Research aims 

Our research aims are to develop composite materials to be used in place of aorta in normothermic 

heart transportation device.  In order to achieve the goal, we performed following activities. 

(1) We thoroughly measured the mechanical properties of the human (n = 1) and porcine (n = 

14) aorta as a function of location (distance from the heart), direction (longitudinal or 

circumferential), and the weight of the donor. (Chapter 3) 

(2) We fabricated fabric-reinforced elastomeric composite to mimic the J-shaped strain-

stiffening and anisotropic mechanical properties of the aortas. (Chapter 3) 

(3) We developed an analytical model to create a library of parameters that can be used in the 

future to predict the behavior of similar composites. (Chapter 3) 

(4) We suggested a design criterion for novel strain-stiffening-softening metamaterial with a 

critical review on the subjects of 3D printed metamaterials and their elastomeric 

composites. (Chapter 4) 
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(5) We introduced our preliminary results for the strain-stiffening-softening material 

development. (Chapter 4) 

 

1.5 Outline of thesis 

The basic theory and formulations of are summarized in Chapter 2. Chapters 3 and 4 are my 

original works with objectives described in Section 1.4. Finally, conclusions and outlooks for 

future works are given in Chapter 5. 

 

2 Background: basic theory and formulations 

2.1  Mechanical behavior of elastomers 

Elastomers are suitable for biomedical applications due to their nearly instantaneous response to 

stresses and fully reversible deformation [33]. Particularly, silicone elastomers remain of interest 

in medical applications because of their recognized biocompatibility [34]. However, despite that 

the uniaxial tensile properties of elastomers are similar to soft tissues at low strains, they behave 

differently under larger deformation. As illustrated in Figure 2.1, soft tissues (human aorta) 

typically exhibit a strain-stiffening behavior at low strains (<100%). In contrast, the stress-strain 

curve of a rubber is usually concave from the beginning, indicating a strain-softening feature, while 

silicone and acrylic elastomers exhibit linear relationship at low strains, followed by strain 

stiffening at high strains (>300%). Thus, even though the initial modulus of a synthetic elastomer 

can be designed to match the modulus of the biological tissue, the mechanical behavior of the 
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elastomer material is incapable of replicating strain-stiffening at low strains that is essential to 

biological tissue. 

 

Figure 2.1. Measured stress-strain properties of Human aorta vs. Polymers. 

Such mechanical behavior of silicone elastomers can be related to their structure. Traditional 

elastomers are lightly cross-linked networks with a quite large free volume, which allows for 

immediate response to external stresses resulting from rapid rearrangement of the polymer 

segments [35]. Main physics behind classical elasticity theory that describes polymer stress-strain 

relationship is entropic elasticity of polymer chains, which is driven from Gaussian statistics of 

freely jointed chains [36]. The simplest model that captures this idea of rubber elasticity is the 

affine network model originally proposed by Kuhn as shown in Figure 2.2a [36]. Affine network 

model assumes affine deformation: the relative deformation of each network strand is the same as 

the macroscopic relative deformation imposed on the whole network. Alternatively, in the 

phantom model, the strands are ideal chains with ends joined at crosslinks. The ends of strands at 

the surface of the network are attached to the elastic non-fluctuating boundary of the network. This 

attachment fixes the volume of the phantom network and prevents its collapse that would have 
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been inevitable because such simple models ignore excluded volume interactions between 

monomers (Figure 2.2b). 

Both the affine and phantom network models predict the same (classical) dependence of stress on 

deformation. The elastic stress of a rubber, G, under uniaxial extension is directly proportional to 

the number of network chains per unit volume (i.e. ρ/M) [36], here T is the temperature and λ is 

stretch, σtrue is the true stress. 

𝐺 =
𝜌𝑅𝑇

𝑀
 

𝜎𝑡𝑟𝑢𝑒 = 𝐺 (𝜆
2 −

1

𝜆
) 

While this equation describes observed rubber-elastic behavior at low extensions quite well, it is 

unable to predict strain hardening at high deformations (Figure 2.2c), which can be explained by 

non-Gaussian statistics of highly deformed chains. Gaussian approximation for freely jointed chain 

model is valid for end-to-end distances much shorter that for fully stretched state. 

𝑅 << 𝑅𝑚𝑎𝑥 = 𝑏𝑁 

Finite chain extensibility and stress-induced crystallization are main reasons for such strain 

hardening [36]. 

The response of individual polymer chain to external stress depends on the rigidity of a polymer 

backbone. Normally, a flexible polymer chain can undergo very large deformations without 

resistance before reaching full elongation. In contrast, semi-flexible and rigid polymers, can 

exhibit non-linear behavior at small strains due to geometrical constraints. Most traditional 

synthetic polymers, however, lack the molecular complexity to experience hierarchical self-

assembly to form stiffer structures [37]. 
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Figure 2.2. Classical elasticity theory: a) Affine network (Affine deformation requires each 

network strand to adopt the relative deformation of the macroscopic network), b) Phantom network 

(leftmost ends of effective chains are pinned to macroscopic boundary of the network), c) 

Engineering stress in tension for a crosslinked rubber (circles). The solid curve is prediction from 

affine classical elasticity theory. Reproduced with permission from [36]. 

 

2.2  Ways to achieve J-shaped behavior 

Most natural biological tissues, such as skin, ligaments, blood vessels, display J-shaped nonlinear 

stress–strain behavior, which allows for combination of compliance and stretchability as well as 

strain-limiting and stiffening to prevent damage from excessive strain [17]. This type of stress–

strain response is attributed to wavy and crimped collagen fibers in the tissue that progressively 

unfurl, uncoil, leading to an increase of the tangent modulus and eventually straighten, leading to 

linear response and a high tangent modulus at higher strains [17]. Design of synthetic materials 

with J-shaped behavior has a potential in many applications, such as tissue engineering, 

biomedical devices, soft robotics.  
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Figure 2.3. Strategies to achieve J-shaped stress-strain behavior:  (a) biological tissue composed 

of collagen and elastin fibers, (b) 2D network design: triangular (right-top), honeycomb (left-

bottom) and Kagome (right-bottom) embedded in an ultralow-modulus matrix, (c) wavy and 

wrinkled design, (d) helical design, (e) kirigami and origami designs, (f) Textile design: weaving 

(left), knitting (middle) and braiding (right). Reproduced with permission from [17]. 

The following section highlights different strategies to achieve J-shaped stress-strain property, 

including designing the network, wavy and wrinkled morphologies, helical designs, kirigami and 

origami constructs, polymer molecular design, and textile formats.  
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Network design. Curved and chained microstructures found in biological tissues are composed of 

cross-linked fiber networks with random distributions, which can be replicated in synthetic 

systems by various approaches, such as ionic liquid grinding, two-step shearing, plasma-induced 

modification and two-step polymerization [17], Jungebluth et al. [38] developed artificial scaffolds 

from electrospun synthetic fibers and used cells to fabricate a tissue engineered rat trachea with 

microstructures and mechanical properties similar to those of native tissues. Rogers and co-

workers [17] developed bio-inspired design based on a two-dimensional wavy filamentary network 

embedded in an low-modulus matrix, where ‘J-shaped’ stress–strain behavior can be carefully 

controlled by choices in geometry (Figure 2.3b). Using lithographic approaches, these microscale 

features can be produced in different materials, such as photopolymers, metals and 

semiconductors. 

Wavy and wrinkled design. For a stiff thin film bonded to a compliant substrate, differences in 

strain (either by thermally induced mismatch or mechanical pre-strain) between the film and 

substrate can lead to wrinkling of the film into a sinusoidal form (Figure 2.3c). As the applied 

strain increases, the wrinkled film becomes flat and therefore contributes to the stiffness of the 

system, yielding a high tangent modulus. As a result, the wrinkled film/substrate structure has a 

bilinear stress–strain behavior with an extremely sharp transition point, and an exceptionally high 

ratio of tangent to elastic modulus, which is particularly valuable as a strategy for constructing 

strain-limiting materials.  

Helical design. Helical microstructures also exhibit the ‘J-shaped’ stress–strain behavior [39]. 

Three-dimensional printing (fused deposition modeling, UV-assisted 3D printing and solvent-cast 

3D printing) represents one straightforward approach to helical microstructures. 
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Kirigami and origami design. Kirigami is an ancient art of paper cutting and folding to form 3D 

sculptures. For example, in a Kent paper, the plates deform mainly via in-plane buckling at small 

applied strain, whereas as the applied strain increases, out-of-plane buckling occurs, finally, 

straightening of the elementary plates in Kent induces an increase in the stiffness, thereby J-shape 

response is obtained  [17]. 

Origami is an ancient art of paper folding that has similar mechanics as those of the wavy and 

wrinkled structures. At small strain, the parallelogram faces of origami experience negligible 

strains, so that the entire system has very low stiffness. As the applied strain increases, the folding 

creases straighten, and the parallelogram faces dominate the stretching such that the structure 

becomes stiff, which results in ‘J-shaped’ stress–strain behavior [17].  

Molecular design. A recent study has demonstrated that modification of the intrinsic structure of 

polymers by implementing brush-like chains can deliver strain-stiffening effect at small strains 

[40]. In contrast to linear-chain networks, where the degree of polymerization of the network strand 

is the only parameter that determines stress-strain behavior, brush-like networks are defined by 

three independent structural parameters—the degrees of polymerization of the side chains, of the 

spacer between neighboring side chains, and of the strand backbone, which allows for precise 

tuning of mechanical properties. 

Textile design. Textiles are flexible materials that consist of networks of natural or artificial yarns, 

as shown in Figure 2.3f. Weaving and knitting are the most widely used methods for manufacturing 

textiles. In the weaving process (Figure 2.3f, left), individual perpendicular yarns (warp and weft 

yarns) interlace together to form the fabric. In the knitting process (Figure 2.3f, middle), the yarns 

adopt wavy, looped configurations, with the potential to offer large stretchabilities. 
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2.3  Fiber-reinforced Composites 

The definition of a composite material is that it must be made up of at least two distinguishable 

constituents demonstrating significantly different chemical or physical properties. The 

combination of these constituents into a composite creates a new material that displays a set of 

properties different from the individual properties of each of the constituent materials. There are 

many different composite types, however for the purpose of this thesis we will focus on fiber 

reinforced composites, due to its similarity to composite structure of natural aorta itself. There are 

two component materials: matrix and reinforcement. The matrix material surrounds and supports 

the reinforcement materials by maintaining their relative positions. Reinforcements impart their 

special mechanical and physical properties to enhance the matrix properties. A synergy produces 

material properties unavailable from the individual constituent materials [41]. In textile reinforced 

composites, the reinforcement is a textile material comprised of a network of natural or artificial 

fibers, typically arranged as tows or yarns [41]. 

The elastomer matrix. Selection of the constituent materials depends on the desired properties of 

the final product. The two most common matrix materials for fiber-reinforced composites are 

thermoplastics and thermosets. Thermoplastics are characterized by high application temperatures, 

high toughness and ease of repair, but require high processing temperatures and are difficult to 

handle due to high viscosity. Thermoset matrix materials are characterized by their low viscosity 

and low processing temperature with drawbacks in application temperature, and toughness. For 

biomedical applications, elastomers are commonly used due to their nearly instantaneous response 

to stresses and fully reversible deformation [33]. Particularly, silicone elastomers remain of 

interest in medical applications because of their recognized biocompatibility [34]. 
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The choice of matrix material for composites mimicking biological systems depends on several 

criteria, namely tensile strength, maximum elongation (should be close to those of natural tissue) 

and most importantly, tear resistance. Table 2.1 presents main properties of common silicone 

rubbers.  As seen from Table 2.1,  Ecoflex and Shin-Etsu products have high elongation and low 

tensile strength, which is beneficial to mimic soft materials. In addition, they have higher tear 

strength compared to commonly used Sylgard 184. Ecoflex 0050 has a highest elongation, low 

tensile strength and high tear resistance, and thus is a promising candidate for this study. 

Table 2.1.Common silicone rubbers and their properties.  

Name Durometer Tensile 

Strength 

Catalyst / Curing 

temp. 

Elongation Tear Strength 

Nusil MED 

48401 

43 Type A 8.14 MPa Platinum / room 

temp. 

590% 43.21 kN/m 

(ASTM D624) 

Nusil MED 

42442 

40 Type A 5.97 MPa Platinum / room 

temp. 

350% 26.46 kN/m 

(ASTM D624) 

Dow Corning 

Sylgard 1843 

50 A 6.7 MPa Platinum / 4 hours 

at 65°C 

120% 2.6 kN/m 

(ASTM D624) 

Smooth-On 

Ecoflex 00304 

30 1.38 MPa Platinum / room 

temp. 

900% 6.7 kN/m 

(ASTM D624) 

Smooth-On 

Ecoflex 00505 

50 2.17 MPa Platinum / room 

temp. 

980% 8.8 kN/m 

(ASTM D624) 

Shin Etsu 45A 

& 45B6 

45 2 Mpa Platinum/ room 

temp. 

670% 7kN/m 

(ASTM D624) 

Shin Etsu 55A 

& 55B7 

55 2.1 Mpa Platinum/ room 

temp. 

640% 9kN/m 

(ASTM D624) 

 

 
FOOTNOTE OF TABLE 2.1 

 
1 Product information MED-4244 LOW CONSISTENCY SILICONE ELASTOMER 
2 Product information MED-4840 LIQUID SILICONE RUBBER 
3 Product information Dow Corning® 184 silicone 
4 Product information Smooth-On Ecoflex 0030 
5 Product information Smooth-On Ecoflex 0050 
6 Product information Shin Etsu 45A & 45B 
7 Product information Shin Etsu 55A & 55B 
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The fiber reinforcement. The fibers of the fiber-reinforced composite can be varied in size, shape, 

length, direction, architecture, and material in order to engineer a composite to the have specific 

properties. The length of the reinforcing fibers can be whiskers (short/staple) or continuous 

filament (Figure 2.4), and usually have an ovular or circular cross-sectional shape. Whisker 

reinforcement fibers are used to create non-woven, non-structural composites. When randomly 

oriented in the matrix material they create an isotropic composite, while orienting the fibers can 

give more strength in the orientation direction, generating an anisotropic composite [42]. Using 

filament fibers makes it possible to engineer the reinforcement architecture. Using more complex 

reinforcement architectures, such as woven, knit, braided, stitched, and z-pinned, provides more 

engineering opportunities. The main categories of textile architecture relevant to composite 

materials are woven, braided, weft-knit and non-crimp (Figure 2.4b) [41]. 

 

Figure 2.4. Fiber-reinforced composites. (a) Fiber types and non-woven composite. Adapted 

from [42]. (b) Types of textile architecture. Adapted from [41].  
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Woven fabrics consist of usually two orthogonal series of yarns, referred to as warp and weft yarns, 

interlaced to form a self-supporting textile structure. Multilayer woven fabrics, also known as 3D 

weaves, are composed of several layers of warp and weft yarns woven together [41]. Braided 

fabrics are created by interweaving three or more yarns in a diagonally overlapping pattern. Two 

types of braided fabrics are widely available, biaxial braids and triaxial braids. The former contains 

two sets of aligned yarns whereas the latter contains three sets of aligned yarns. Multilayered 

braided fabrics are also possible and are referred to as 3D braided fabrics.  Weft-knitted fabrics 

consist of only one set of weft yarns. Here the yarns are interlaced with adjacent yarns to construct 

a self-supporting structure. The different interlacing patterns, such as jersey, rib, interlock, lacoste 

also exist. Non-crimp fabrics (NCF) consist of several layers of unidirectional straight yarns that 

are held together by stitching or knitting of a lightweight thread. Chemical agents may also be used 

to bond the yarns together [41]. 

The fiber material is also very important. For biomedical application, biocompatible materials are 

required, such as cotton, polypropylene, nylon, polyester and others (Figure 2.5). Figure 2.5 also 

presents a matrix to evaluate a medical textile developed by Atex Technologies [43], that produces 

implantable textile components for medical devices. It suggests that purpose of design (functional 

requirement), overall shape of design (dimensional configuration), type and size (material 

selection) and architecture (woven, knit, braid, non-woven, hybrid) should been taken into 

acctount when selecting a fiber reinforcement. 
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Figure 2.5. Process to evaluate fabric design for medical applications. Adapted from [43].   

2.4  Continuum mechanics 

2.4.1 Basic definitions 

Linear elastic vs hyperelastic. Linear elastic constitutive relations model reversible behavior of a 

material that is subjected to small strains.  Nearly all solid materials can be represented by linear 

elastic constitutive equations if they are subjected to sufficiently small stresses. Since the strains 

are small, all the governing equations for linear elastic materials can be linearized and are therefore 

relatively easy to solve. Linear elasticity theory is thus the best known and most widely used 

branch of solid mechanics. When loading and unloading a linear elastic material, the stress is 

driven along the same straight line in the stress-strain characteristic curve (Figure 2.6a). 
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Figure 2.6. Stress-strain curve for a) linear elastic, b) hyperelastic material. 

A hyperelastic material is still an elastic material, which means it returns to its original shape after 

the forces have been removed (Figure 2.6b). The difference to linear elastic material is that in 

hyperelastic material the stress-strain relationship derives from a strain energy density function, 

and not a constant factor. Hyperelastic constitutive laws are used to model materials that respond 

elastically when subjected to very large strains. They account both for nonlinear material behavior 

and large shape changes.  The main applications of the theory are (i) to model the rubbery behavior 

of a polymeric material, and (ii) to model polymeric foams that can be subjected to large reversible 

shape changes (e.g. a sponge) [44]. 

The strain-energy density functions for hyperelastic materials are defined in terms of finite 

deformation quantities (i.e. Green’s strain, invariants of the Cauchy-Green deformation tensor, or 

principal stretch ratios) [45]. Let’s consider an arbitrary line element defined by points P & Q in 

the undeformed configuration. The same points are defined by P* and Q* in the deformed 

configuration. Let’s denote f, g & h as functions that define the relationship between coordinates 

in the deformed and undeformed configurations. 
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Figure 2.7. Schematic of arbitrary line element defined by points P & Q in the undeformed and 

deformed configuration. 

𝑥∗ = 𝑓(𝑥, 𝑦, 𝑧) 

𝑦∗ = 𝑔(𝑥, 𝑦, 𝑧) 

𝑧∗ = ℎ(𝑥, 𝑦, 𝑧) 

Finite Deformation Theory: Deformation Gradient. The differential changes in the coordinates of 

the deformed and undeformed configurations are: 

𝑑𝑥∗ =
𝜕𝑓
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The deformation gradient is defined as: 

[𝐹] =

[
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Finite Deformation Theory: Stretch Tensor. The Deformation Gradient can be broken down into a 

product of two matrices.   

The matrix [R] is an orthogonal rotation matrix, and [U] and [V] are symmetric matrices that are 

called the right and left stretch tensors. 

[𝐹] = [𝑅][𝑈] = [𝑉][𝑅] 

[U] The Right Stretch Tensor because it appears on the right of the rotation matrix. 

[V] The Left Stretch Tensor because it appears on the left of the rotation matrix. 

Finite Deformation Theory: Right Cauchy-Green Deformation Tensor 

The change in length squared of the line element PQ in the deformed configuration is 

𝑑𝑆2 = {𝑑𝑥∗}𝑇{𝑑𝑥∗} = {𝑑𝑥}𝑇[𝐹]𝑇[𝐹]{𝑑𝑥}𝑑𝑆2 = {𝑑𝑥}𝑇[𝐶]{𝑑𝑥} 

Where [C] is the right Cauchy-Green deformation tensor given by 

[𝐶] = [𝐹]𝑇[𝐹] 

[𝐶] = [𝑈]𝑇[𝑅]𝑇[𝑅][𝑈] 

[𝐶] = [𝑈]𝑇[𝑈] = [𝑈]2 
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As shown below, the right Cauchy-Green deformation tensor is equal to the square of the right 

stretch tensor [45]. The square of the principal stretch ratios can be determined by extracting the 

eigenvalues of the Cauchy-Green deformation tensor. 

The square of the principal stretch ratios can be found from the equation: 

𝑑𝑒𝑡 [

(𝐶11 − 𝜆
2) 𝐶12 𝐶13

𝐶12 (𝐶22 − 𝜆
2) 𝐶23

𝐶13 𝐶23 (𝐶33 − 𝜆
2)

] = 0 

which results in the characteristic equation [45] 

(𝜆2)3 − 𝐼1(𝜆
2)2 + 𝐼2(𝜆

2) − 𝐼3 = 0 

𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2 

𝐼2 = 𝜆1
2𝜆2
2 + 𝜆2

2𝜆3
2 + 𝜆3

2𝜆1
2 

𝐼3 = 𝜆1
2𝜆2
2𝜆3
2 

2.4.2 Hyperelastic models 

A hyperelastic material model relies upon the definition of the strain-energy function, which 

assumes different forms according to the material or class of materials considered. This function 

is obtained from symmetry, thermodynamic and energetic considerations [46]. 

If the material is isotropic, the strain-energy functions (W) depend upon the strain invariants 

𝑊 𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 = 𝑊(𝐼1, 𝐼2, 𝐼3) 

𝐼1 = 𝑊(𝐼1, 𝐼2, 𝐼3) 

In this thesis, silicone-rubber is assumed to be incompressible hyperelastic material. The general 

state of a finite deformation is defined by a second-order tensor, commonly known as gradient of 
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deformation. The deformation tensor in the case of hyperelastic materials subjected to a uniaxial 

tension is: 

[𝐹] =

[
 
 
 
 
𝜆 0 0

0
1

√𝜆
0

0 0
1

√𝜆]
 
 
 
 

 

𝐽 =∏𝜆𝑖 = 𝑑𝑒𝑡(𝐹) = 1

3

𝑖=1

 

The Right and Left Cauchy–Green tensors can be obtained from Equation (20): 

[𝑐] = [𝐹]𝑇[𝐹] = [
𝜆2 0 0
0 𝜆−1 0
0 0 𝜆−1

] 

Neo–Hookean model. Neo–Hookean model was established by the study of vulcanized rubber, 

using a statistical theory. In this approach, vulcanized rubber is seen as a three-dimensional 

network of long chain molecules that are connected at a few points: 

𝑊 = 𝑐1(𝐼1 − 3) 

The constant c1 allows us to know the shear modulus by the relation µ=2c1. 

Mooney-Rivlin model.  The importance of this model is well known, not only for historical reasons, 

as it was one of the first hyperelastic models, but also because of its high accuracy in predicting 

the nonlinear behaviour of isotropic rubber-like materials. For the incompressible material, it can 

be simplified as: 

𝑊 = ∑𝑐𝑖

2

𝑖=1

(𝐼𝑖 − 3) 
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Yeoh model. The Yeoh material model for incompressible (rubberlike) materials was presented for 

the first time in 1990. The strain-energy function that characterizes this model depends only on the 

first strain invariant (I1):  

W =∑ci

3

i=1

(I1 − 3)
i 

The material constants c1, c2 and c3 are the parameters to fit. 

Ogden model. This model, due to Ogden’s phenomenological theory of elasticity, [47] has the 

general form: 

𝑊 =∑
𝜇𝑖
𝛼𝑖

𝑁

𝑖=1

(𝜆1
𝛼𝑖 + 𝜆2

𝛼𝑖 + 𝜆3
𝛼𝑖 − 3) 

Sufficiently good convergence between theoretical and experimental results for rubber are 

achieved when N=3 [21]. 

Gent model. The strain energy per unit volume in the has the form:              

W = −
𝜇𝐽𝑙𝑖𝑚
2

𝑙𝑛 (1 −
𝐼1 − 3

𝐽𝑙𝑖𝑚
) 

where μ is the shear modulus, Jlim is the stretch limit of the elastomer, and I1 is the 1st strain tensor 

invariant. 

2.4.3 Composite theory: Holzapfel-Gasser-Ogden (HGO) model 

Since arteries are composed of thick-walled layers, each of these layers is modeled with a separate 

strain-energy function. From the engineering point of view each layer may be considered as a 

composite reinforced by two families of (collagen) fibers which are arranged in symmetrical 

spirals. The model is based on the theory of the mechanics of fiber-reinforced composites [48] and 
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embodies the symmetries of a cylindrically orthotropic material (Figure 2.8) [21]. It is assumed 

that each layer responds with similar mechanical characteristics and we therefore use the same 

form of strain-energy function (but a different set of material parameters) for each layer. It was 

suggested to split the isochoric strain-energy function W into a part Wiso associated with isotropic 

deformations and a part Waniso associated with anisotropic deformations [29], [49]. Since the 

(wavy) collagen fibers of arterial walls are not active at low pressures (they do not store strain 

energy), Wiso is associated with the mechanical response of the non-collagenous matrix material, 

which is assumed to be isotropic. The resistance to stretch at high pressures is almost entirely due 

to collagenous fibers [49] and this mechanical response is therefore taken to be governed by the 

anisotropic function Waniso. Hence, the (two-term) potential is written as 

𝑊 = 𝑊𝑖𝑠𝑜(𝐼1) +𝑊𝑎𝑛𝑖𝑠𝑜(𝐼4, 𝐼6) 

Note that the invariants I4 and I6 are stretch measures for the two families of (collagen) fibers and 

therefore have a clear physical interpretation. The anisotropy then arises only through the 

invariants I4 and I6, but this is sufficiently general to capture the typical features of arterial 

response. 

Finally, the two contributions Wiso and Waniso to the function W must be particularized so as to fit 

the material parameters to the experimentally observed response of the arterial layers. The 

(classical) neo-Hookean model is used to determine the isotropic response in each layer: 

𝑊𝑖𝑠𝑜(𝐼1) =
𝑐

2
(𝐼1 − 3) 

where c > 0 is a stress-like material parameter. The strong stiffening effect of each layer observed 

at high pressures motivates the use of an exponential function for the description of the strain 

energy stored in the collagen fibers, and for this: 
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𝑊𝑎𝑛𝑖𝑠𝑜(𝐼4, 𝐼6) =
𝑘1
2𝑘2

 ∑ {exp[𝑘2(𝐼𝑖 − 1)
2] − 1}

𝑖=4,6

 

where k1 > 0 is a stress-like material parameter and k2 > 0 is a dimensionless parameter. An 

appropriate choice of k1 and k2 enables the histologically based assumption that the collagen fibers 

do not influence the mechanical response of the artery in the low-pressure domain [49] to be 

modeled. 

 

Figure 2.8. Demonstration of the two-layer arterial wall model and material and geometrical data 

for a carotid artery from rabbit. Reproduced with permission from [21]. 

2.5  Metamaterial definitions 

Metamaterials are carefully structured materials that are composed of periodically arranged 

building blocks and display properties superior to their constituent materials. In the past two 

decades, metamaterials have been utilized to manipulate optical, acoustic and thermal fields to 

obtain unusual properties, such as a negative refraction index and resulted in new applications, 

such as perfect lenses [30].  
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Mechanical metamaterials represent a new branch of metamaterials research, where motion, 

deformations, stresses and mechanical energy are investigated. The meta-atoms, building blocks 

of mechanical metamaterials, deform, rotate, buckle, fold and snap in response to applied 

mechanical forces and are designed to act together to yield a desired collective behavior. The basic 

elements of meta-atoms and metamaterials are slender elements that enable very strong stiffness 

heterogeneities, shape morphing, topological protection, instabilities and nonlinear responses to 

obtain advanced functionalities. An example of mechanical metamaterials is auxetic materials, 

which either expand or contract in all directions when a force is applied and illustrate how structure 

controls the behavior of metamaterials [30]. 

2.5.1 Poisson ratio and auxetic materials 

Poisson's ratio, denoted by the Greek letter ν and named after Siméon Poisson, is the negative of 

the ratio of (signed) transverse strain to (signed) axial strain [50]. For small values of these 

changes, ν is the amount of transversal expansion divided by the amount of axial compression [50]. 

ν = −
εlateral
εaxial

 

The Poisson's ratio of a stable, isotropic, linear elastic material must be between −1.0 and +0.5 

because of the requirement for Young's modulus, the shear modulus and bulk modulus to have 

positive values [51]. Most materials have Poisson's ratio values ranging between 0.0 and 0.5 (Table 

2.2). A perfectly incompressible isotropic material deformed elastically at small strains would have 

a Poisson's ratio of exactly 0.5. Most steels and rigid polymers when used within their design limits 

(before yield) exhibit values of about 0.3, increasing to 0.5 for post-yield deformation which occurs 

largely at constant volume [52]. Rubber has a Poisson ratio of nearly 0.5. Cork's Poisson ratio is 

close to 0, showing very little lateral expansion when compressed. Some materials, e.g. some 
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polymer foams, origami folds, and certain cells can exhibit negative Poisson's ratio, and are 

referred to as auxetic materials (Figure 2.9) [50]. The factors that give rise to auxetic behavior 

include co-operation between the material’s internal structure (geometry), the way the internal 

structure deforms when loaded (deformation mechanism) (Figure 2.9c). 

Table 2.2. Common values of Poisson ratio for different materials. Adapted from [50]. 

Material Poisson’s ratio 

Rubbers 0.5 

Lead 0.45 

Aluminum 0.33 

Common steels 0.27 

Cellular solids, such as polymer foams 0.1-0.4 

Cork 0.0 

 

 

Figure 2.9. Poisson ratio of materials. a) Positive ν>0, b) negative ν<0. Adapted from [50]. c) 

Comparison of the honeycomb and auxetic structures when stretched. Adapted from [53]. 
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2.5.2 Ways to design metamaterials  

Linear mechanical metamaterials. While isotropic materials are identified by two elastic 

coefficients, such as the Poisson’s ratio and Young’s modulus, for anisotropic materials the 

elasticity tensor can contain up to 21 independent coefficients, offering a large room for 

mechanical metamaterials design. In 1995, Milton and Cherkaev showed that architectures 

consisting of ordinary elastic materials and vacuum can be used to develop metamaterials with any 

form of elasticity tensor allowed by thermodynamics [30]. By layering different extremal 

materials, metamaterials with any desired elasticity tensor can be created. Thus, bulk elastic 

properties of metamaterials are dependent on the geometry of network, which allows for 

architecting different networks with complex mechanical behavior [30]. 

Mechanism-based metamaterials. Mechanisms are defined as collections of rigid elements 

connected with flexible hinges that accept zero-energy, free motion geometrical design, such as 

levers, pulleys, linkages and gears. Mechanisms are also used to build mechanical metamaterials 

(Figure 2.10). For instance, a collection of squares connected at their tips form an auxetic structure, 

that uniformly contract or expand when they experience a free hinging motion (Figure 2.10a). 

Plates linked by flexible hinges form shape-shifting and programmable origami metamaterials 

(Figure 2.10b). An asymmetric mechanism comprised of linked bars that enables motions to 

propagate from the right edge to the left edge but not in the opposite direction is an example of a 

topological mechanical metamaterial (Figure 2.10c). The geometric design of mechanisms can 

also be used to create soft mechanism-based metamaterials with slender, flexible parts as hinges, 

linking stiffer elements that can easily rotate. These soft metamaterials can be stimulated by 

external forces and undergo programmable shape shifting, ranging from 2D and 3D auxetic 

materials to size-morphing spheres that can be used as reversible encapsulation systems [30]. 
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Figure 2.10. Mechanism-based metamaterials: a) a collection of squares linked at their tips can 

undergo a volume-changing shape transformation, b) rigid plates linked by flexible hinges are the 

basis of origami metamaterials, c) flexibly linked, rigid bars form a topologically polarized 

mechanism. Reproduced with permission from [30]. 

Instability-based metamaterials. Various mechanical metamaterials made of meta-atoms can give 

access to strongly nonlinear relations derived from elastic instabilities and large deformations. 

Buckling-based instabilities. The mechanical properties of highly porous materials made of 

networks of beams rely on both the deformation mechanism of the ligaments that undergo buckling 

under compression at relatively low strains, and on their microscopic geometry. Buckling in 

metamaterials containing regular arrays of elastic beams, can cause striking homogeneous and 

reversible pattern transformations. For instance, in a metamaterial composed of square array of 

circular holes embedded in an elastomeric sheet, buckling of the beam-like ligaments induces a 
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transformation of the holes into a periodic pattern of alternating and mutually orthogonal ellipses 

upon uniaxial compression (Figure 2.11a) [30]. 

Snapping-based instabilities. Elastic beams can snap between two different stable configurations 

and keep their deformed shape after unloading [54], [55] These bistable elastic beams have been 

recently used to develop fully elastic and reusable energy-trapping metamaterials that trap in 

energy provided to the system during loading (Figure 2.11b). A metamaterial composed of 

snapping units (two curved parallel beams that are centrally clamped) can also undergo a large 

extension under tension caused by sequential snap-through instabilities [56]. 

Frustrated and programmable instabilities. Multistable and programmable metamaterials can be 

obtained through controlled frustration. For instance, a programmable stiffness can be achieved by 

‘popping through’ some of the origami folds (Figure 2.11c) [57]. For frustration-free operation in 

beam networks, all elastic elements should buckle into the most energy-favored configuration (a 

half sinusoid), while maintaining the angles with their neighbors to minimize the deformation 

energy. In 2D, this requirement can be easily met for a square lattice, but not for a triangular lattice, 

thus triangular system becomes frustrated and favors the formation of complex ordered patterns 

(Figure 2.11d) [58].  
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Figure 2.11. Instability-based metamaterials: a) a rubber slab patterned with circular holes 

undergoes a reversible pattern transformation when compressed as a result of a collective buckling-

like instability, b) a metamaterial containing complex hinge units that provide multiple kinematic 

degrees of freedom and multistability. Frustration and tunable metamaterials: c) by locally 

‘popping through’ the Miura-ori pattern, the compressive modulus of the overall structure can be 

rationally and reversibly tuned, d) in geometrically frustrated cellular structures, buckling triggered 

under equibiaxial compression results in the formation of complex ordered patterns. Reproduced 

with permission from [30]. 

Topological metamaterials. Topological mechanical metamaterials exhibit topologically protected 

properties that are not affected by deformations of the underlying geometry or by the presence of 

disorder [30]. Hence, topological metamaterials have a great potential in designing materials with 

robust functionalities. Examples of topological metamaterials are presented in Figure 2.12.  
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Figure 2.12. Topological mechanical metamaterials: a) Topological origami, b) zero mode 

localized at a dislocation on the left of the topological metamaterial and corresponding state of 

self-stress localized at a dislocation on the right, c) detail of a metamaterial that can switch its 

topological polarization51, d) Topological state of self-stress localized at a domain wall, under 

compression, stresses concentrate here, leading to selective buckling. Reproduced with permission 

from [30]. 

 

Challenges in metamaterial design. Although latest advancements in additive manufacturing and 

computational design have driven research in mechanical metamaterials, metamaterial design 

faces some challenges discussed further. One of the potential problems includes that large 

metamaterial structures are unexplored, and current research mostly focuses on small, pristine 

structures. Larger samples may include defects, gradients, domain walls or grain boundaries which 

will affect the material behavior [59]. Another challenge for metamaterial design is architecting 

aperiodic structures, which may create a wide variety of controllable spatial features, such as 

metamaterials that can morph into a distinct number of predefined shapes [30]. Moreover, 

metamaterial fabrication mostly relies on additive manufacturing techniques, such as 3D printing, 

laser cutting and two-photon lithography, which suffer from limitation of base material selection. 
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Expanding the material library and enabling mixing of multiple (contrasting) materials as well 

inclusion of materials with specific functionalities (opto-mechanical, thermo-mechanical or 

electro-mechanical) could lead to new classes of mechanical meta-behaviors [30]. Furthermore, 

translation of metamaterial concepts to smaller scales, for instance, by combining graphene 

origami, colloidal self-assembly and even chemistry to create designer materials sculpted over a 

wide range of scales should be further explored [30]. Metamaterial functionalities could be 

combined with motors and external fields to create robotic structures and smart metamaterials. 

Lastly, tailoring metamaterial structures so far has been intuitive and precise design of 

metamaterials with a target property remains a challenge to overcome. 

2.5.3 Beam mechanics theories 

Beam theories. Highly slender fiber-like or rod-like components represent essential constituents 

of mechanical systems in countless fields of application and scientific disciplines such as civil, 

mechanical and biomedical engineering, material science and bio- or molecular physics. Examples 

are high-tensile industrial webbings, fiber-reinforced composite materials, fibrous materials with 

tailored porosity, synthetic polymer materials or also cellulose fibers. Often, these slender 

components can be modeled as 1D Cosserat continuum based on a geometrically nonlinear beam 

theory. In all mentioned cases, mechanical contact interaction significantly affects the overall 

system behavior. Most geometrically exact beam element formulations available in the literature 

are based on the Simo–Reissner theory of thick rods. Alternatively, Kirchhoff–Love theory of thin 

rods can be used to describe beam mechanics [60]. Meier and co-workers made a detailed review 

and careful evaluation of Kirchhoff–love theory and Simo–Reissner theory for slender beams [60]. 

They classified geometrical beam theories with respect to deformation modes (axial tension, shear, 

torsion and bending), cross-section shapes (isotropic, identical moments of inertia of area I2 = I3 



39 

 

and anisotropic, different moments of inertia of area I2 ≠ I3) and arbitrary initial curvatures (κ0 ≠ 

0). An overview of these different beam models and theories is given in Table 2.3. 

Table 2.3. Different (geometrically exact) beam models κ and theories. Adapted from [60]. 

Name Theory κ ≠ 0 I2 ≠ I3 Tension Shear Torsion Bending 

Simo-Reissner Nonlinear + + + + + + 

(Anisotropic) 

Kirchhoff - Love 

Nonlinear + + + - + + 

Straight Kirchhoff - 

Love 

Nonlinear - + + - + + 

Isotropic Kirchhoff - 

Love 

Nonlinear - - + - + + 

Torsion-free Simo-

Reissner 

Nonlinear - - + + - + 

Torsion-free 

Kirchhoff - Love 

Nonlinear - - + - - + 

Timoshenko Linear - + + + + + 

Euler- Bernoulli Linear - + + - + + 

 

Qiu et al. [61] has developed a model for a single initially curved beam without any mode 

imperfection, was extended to allow the presence of a mode shape imperfection based on Euler–

Bernoulli beam theory. The design of the curved-beam bistable mechanism is inspired from 

bistable buckled straight-beam mechanisms, where a straight beam is axially compressed to buckle 

to stable positions at either side. Modeling buckling modes of the latter mechanism is critical to 

modeling the curved-beam mechanism.  

Che K et al. has developed a model to describe multistable mechanical metamaterials are materials 

that have multiple stable configurations. The geometrical changes caused by the transition of the 
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metamaterial from one stable state to another, could be exploited to obtain multifunctional and 

programmable materials. As the stimulus amplitude is varied, a multistable metamaterial goes 

through a sequence of stable configurations [62]. 

Soft spring theory. Rafsanjani et al. [56] has developed a soft spring model to describe the behavior 

of snapping double curved beams under tension. The mechanism stores the elastic strain energy 

via three connected elastic springs with constants 𝑘1 and 𝑘2 (Figure 2.13). The springs are initially 

unstressed, and their free ends are connected to the walls by joints, which allow rotation and 

restrain translation. The inclined springs (𝑘1) stand for the stiffness of the snapping segments, 

whereas the vertical spring (𝑘2) represents the interaction of the snapping segments with the rest 

of the structure. The geometry of this mechanism is characterized by the parameters 𝑙 and 𝑎, 

qualitatively equivalent to the parameters 𝑙 and 𝑎 of the metamaterial shown in Figure 1b. The soft 

spring mechanism suggests that the interaction of the snapping segments with the rest of the 

structure can lead to mechanical responses with specific characteristics including incremental 

positive, zero or negative stiffness.   
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Figure 2.13. (a) Bistable mechanism of double curved beams which can snap between two stable 

configurations, under a vertical force applied in the middle, (b) Unit cell geometry of the designed 

metamaterial composed of load bearing and snapping segments, Phase diagrams for mechanical 

responses of (c) unit cells under uniaxial extension in the parameter space (𝑎/𝑙, 𝑡/𝑙), (d) for a single 

degree of freedom soft spring mechanism in the parameter space (𝑘2 /𝑘1, 𝑎/𝑙) showing monotonic, 

S-shaped and snapping responses and the plateau region. Reproduced with permission from  [56]. 
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3 Fabric-reinforced elastomer composites: Mimicking ‘J-shaped’ 

and anisotropic stress-strain behavior of human and porcine aorta  

3.1  Introduction 

The rapid strain stiffening of the human aorta, termed the J-shaped stress-strain behavior, [12] 

allows continuous blood flow by the generation of the Windkessel effect. The Windkessel effect 

of the aorta constitutes of the following processes. During systole, blood is pumped into the aorta, 

where half of the blood is distributed towards peripheral circulation while the other half remains 

stored in the aorta until diastole where it is released for peripheral circulation [9]. The aorta stores 

half of the blood because it experiences elastic extension (strain). As it becomes stiffer due to an 

increase in the strain as a result of systole (strain-stiffening), the internal stress of the strained aorta 

releases the stored half of the blood in a gradual manner during diastole [9]. In addition to storing 

blood temporarily and smoothing pulsatile flow, the aorta must withstand a wide range of 

pressures, as well as a large level of deformation [12]. The J-shaped strain-stiffening response is 

the key defensive strategy in highly expansive pressure vessels in biological systems against 

critical damage, such as aneurysm and disruption that lead to stroke [12], [63]. Consequently, the 

strain-stiffening phenomenon is an essential property of the simulated aorta to mimic the real aorta.  

As J-shaped stress-strain behavior is a common property for many soft biological tissues, such as 

skeletal and cardiac muscles, ureter, taenia coli, arteries, veins, pericardium, mesentery, bile duct, 

skin, tendon, elastin, cartilage, and other tissues [64], [40]. There have been numerous attempts to 

reproduce the J-shape in synthetic materials. One strategy to achieve this property is to employ 

semiflexible biopolymers with stiff architectures, such as microtubules, actin, intermediate 

filaments, collagen, and synthetic proteins [63]. Synthetic hydrogels are often designed to have the 
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J-shape. Frank and co-workers [65] demonstrated the use of interpenetrating networks of 

hydrogels while Zeng and co-workers [63] have shown the use of a flexible self-healing network 

of hydrogels to achieve strain-stiffening. Synthetic elastomers have strain-stiffening behavior as 

an intrinsic property. But, such effects occur at only extreme strain levels, being stretched to a few 

times longer than the original dimension, whereas biologically relevant J-shaped stiffening 

happens at a few tens of percents [36]. A recent study has demonstrated that grafting thick comb-

like side chains allows the strain-stiffening in a single elastomer material as its intrinsic property 

[40]. Introducing corrugations of higher dimension, such as wavy and wrinkled 2-D sheets and 

helically coiled 1-D wires, or judicially designed relief patterns, such as open networks, 

kirigami/origami geometries, and knitted/woven fabric structure, are also suggested to achieve the 

J-shape [17]. Despite the recent progress, developing a practical synthetic material that mimics 

natural aorta with operational stability has remained a challenge.  

In addition to its J-shaped stress-strain behavior, human aorta is also known to have significant 

anisotropy [13], [14]. Here, higher stiffness in the longitudinal direction prevents excessive 

stimulation of the anastomotic regions, while compliance in the circumferential direction prevents 

flow disturbance [15]. Hence, anisotropy is another property of natural aorta that synthetic 

materials often lack and is important to mimic. 

In order to design a vascular replacement with the J-shaped and anisotropic mechanical properties, 

it is critical to understand the underlying mechanism of these properties. The aorta has a composite 

structure and thus its nonlinear properties come from the combination of both elastic and stiff 

fibrous components. The main structural components of the arterial wall are elastin and collagen, 

elastin is a rubber-like protein with a modulus of 0.6–1 MPa, whereas collagen is stiff and 

relatively inextensible with a modulus of around 1 GPa [16]. Both elastin and collagen appear as 



44 

 

wavy and crimped strands, thus the resulting structure is easy to accommodate a low level of strain 

[12], [17]. The initial low modulus response at low strain is attributed to elastic elastin fibers, while 

the stiffening at the higher strains is due to progressive straightening of elastin and collagen fibers 

[16]. Anisotropy mainly arises from the orientation of collagen fibers in the arterial wall 

[18].Healthy arterial wall constitutes of three main layers: intima (inner layer), media (middle 

layer), and adventitia (outer layer) [19]. The collagen fibrils in media, for example, are arranged 

in helical structures and are mostly circumferentially oriented. This structured arrangement allows 

media to resist high loads in the circumferential direction [19]. 

As the aorta itself is a composite structure of rubber-like and fiber-like constituents, it is intuitive 

to develop a fabric-reinforced composite to mimic its properties. Grande-Allen and co-workers 

[66] developed a composite scaffold from electrospun polyurethane fibers and PEG hydrogel to 

mimic the tensile strength, anisotropy, and extensibility of natural aortic valve. Haj-Ali and co-

workers prepared collagen-fiber reinforced alginate hydrogel composites with hyperelastic 

behavior similar to soft tissue [67]. Bailly and co-workers performed a fundamental study about 

the mechanical effect of fabric-reinforcement by using a custom-designed jig to precisely control 

the density and angle of the fibers [68]. Employing knitted or woven textiles, wherein the density 

and the angle between yarns are precisely defined, can be a simpler and more practical approach 

to achieve the J-shape and anisotropy in the stress-strain behavior of the composite elastomer. In 

addition, textiles have been employed for medical uses since early ages in wound care applications, 

such as sutures and wound dressings. Textiles have been widely utilized in cardiovascular 

implants, which are used to replace/repair diseased arteries [18]. Their suitableness for medical 

purposes results from their structural and design flexibility, which can be modified to conform to 
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the desired mechanical behavior (elasticity, strength, stiffness, fluid permeability) similar to that 

of biological tissue.  

The first step for mechanical property mimicry is to measure precise properties from the actual 

human aorta. Porcine aorta has been examined as a model material because it is easier to access 

samples while their properties are expected to be similar to human. Karimi and co-workers 

determined the maximum stress and the linear elastic properties of the human umbilical vein and 

artery from uniaxial stress-strain curves [69]. Tseng and co-workers characterized the linear elastic 

properties of the porcine ascending aorta and aortic sinuses by subjecting them to equi-biaxial 

stretch testing [70]. In this study, the aortic specimens were subjected to uniaxial tensile testing to 

quantify nonlinear and anisotropic behavior. 

The scope of this study is (i) to measure stress-strain behavior of the human and porcine aortas, 

(ii) to design and fabricate the fabric-reinforced elastomers that mimic the mechanical properties 

of the human and porcine aortas, and (iii) to develop analytical models to describe the mechanical 

properties of the aortas and the fabric-reinforced elastomers. Firstly, the J-shaped stress-strain 

behaviors were measured by the uniaxial tensile test for five different regions in the porcine aorta. 

Comparing the longitudinal direction as opposed to the circumferential direction showed an 

anisotropy in the mechanical property. Secondly, commercially available fabrics and elastomers 

were tested to find the most suitable combination to mimic the J-shaped and anisotropic 

mechanical properties of aortas. Thirdly, Gent’s and Mooney-Rivlin hyperelasticity models were 

combined with Holzapfel–Gasser–Ogden model to take account of low modulus and its gradual 

stiffening at low strains and rapid stiffening at high strains.  
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3.2  Materials and methods 

3.2.1 Materials 

Phosphate buffered saline solution, Ethyl 2-cyanoacrylate, 1,6-Hexanediol diacrylate, Benzoyl 

peroxide (reagent grade), Poly(ethylene glycol) (Mn=400) were purchased from Sigma Aldrich, 

Canada. Ecoflex 0050 was purchased from Smooth-On, Inc. Sylgard 184 (Dow Corning) was 

purchased from Electron Microscopy Sciences (EMS). Shin-Etsu SES22330 10, 20 were 

purchased from Shin-Etsu Chemical Co. VHB 4910 was purchased Digi-Key Co. All fabrics 

(Telio, Montreal, CA) were purchased from local store Marshall’s Fabrics. 

3.2.2 Fabrication 

Human and porcine aortic specimen preparation. The descending thoracic portion of the porcine 

aorta, which sits in the posterior mediastinum between the lungs and is anterior to the spine, was 

extracted from fourteen female pigs. The animal and human experiments were performed in 

compliance with the guidelines of the Canadian Council on Animal Care and the guide for the care 

and use of laboratory animals. The protocols were approved by the institutional animal care 

committee of the University of Alberta, protocol #AUP00000943. The lack of readily available 

human aortas resulted in the use of porcine aortas as a substitution in this study. However, there 

was one sample of the descending thoracic portion of the human aorta available. Upon extraction, 

the porcine (and human) aortic specimens were placed in 1× (standard) phosphate-buffered saline 

and stored at 4 °C for up to twelve hours before being subjected to uniaxial tensile testing. The 

aortic specimens were generally cut into five sections using a straight flat razor blade. The inferior, 

middle, and superior sections were obtained in the circumferential direction, whereas the low and 
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high sections were obtained in the longitudinal direction. All aortic specimens were independent 

of one another, being harvested and tested on separate days by the same experimenters. 

Elastomeric material preparation. Several elastomeric materials were fabricated with the use of 

the silicones Sylgard 184, Shin-Etsu SES22330 10, Ecoflex 0050 as well as the acrylic elastomer 

3M VHB 4910. Sylgard 184 consists of a base and a curing agent. While 10:1 ratio is a standard 

from the manufacturer, softer Sylgard 184 can also be produced by decreasing the relative content 

of the curing agent.  Shin-Etsu SES22330 10, Shin-Etsu SES22330 20 and Ecoflex 0050 are room 

temperature vulcanizing (RTV) silicones and have two components that are typically mixed in a 

1:1 ratio. Blended silicone mixtures between the Sylgard 184 (8:1) and Shin-Etsu SES22330 20 

(1:1) were also tested for various ratios between the two, 9:1, 8:2, 7:3, 6:4, 1:1, 4:6, 3:7, and 2:8.  

The VHB 4910 acrylic elastomer was received as a solid tape form and was modified to become 

significantly stiffer. Here, a polymerizable and crosslinkable monomer, 1,6-hexanediol diacrylate 

was added to pre-strained VHB 4910 in varying weight percentages to increase its stiffness 

[71].Benzoyl peroxide was also prepared so that it could be used as a thermal initiator, and this 

was done by dissolving it in a 1:9 ratio of deionized water and polyethylene glycol 400. The 

additive, 1,6-hexanediol diacrylate was subsequently added to the dissolved benzoyl peroxide in a 

1:1 ratio, and the entire mixture was applied to both sides of the VHB 4910 acrylic elastomer, 

which was stretched to 100% equibiaxial strain using a 3D printed rigid frame.  

Fabric-elastomer composite preparation. Ecoflex 0050, which is RTV silicone, was selected as a 

matrix material for all composites in our study. Ecoflex 0050 has low stiffness, which meets the 

modulus of the aorta at very low strains, as well as large extensibility up to 1000% and high tear 

resistance. Four fabrics, including 93%-rayon/7%-spandex, 90%-polyester/35%-spandex blend, 

85%-nylon/15%-spandex and 80%-nylon/20%-spandex were used to prepare fabric/elastomers 
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composites. The fabrics (Telio, Montreal, CA) were purchased from local store Marshall’s Fabrics 

(Figure 3.1d). The stress-strain properties of fabrics and their respective composites are shown in 

Figure 3.2. 

 

Figure 3.1. Sample preparation: a) schematic diagram of composite sample preparation and b) 

composite structure, c) schematic illustration about the general effect of fabric reinforcement on 

uniaxial strain of unreinforced and fabric-reinforced elastomer and d) optical microscopy images 

of fabricated composites: i) rayon/spandex, ii) polyester/spandex, iii) nylon/spandex 85/15, iv) 

nylon/spandex 80/20. 



49 

 

 

Figure 3.2. Uniaxial tensile behavior of the pure textiles and textile composites: a) rayon/spandex, 

b) polyester/spandex, c) nylon/spandex 85/15, d) nylon/spandex 80/20. 

Fabric-reinforced elastomer composites were prepared in three-layer configuration (Figure 3.1) 

using layer by layer method. First, the Ecoflex 0050 elastomer was prepared by mixing two 

components (a base and curing agent) in 1:1 ratio and subsequent degassing in a vacuum to remove 

entrapped bubbles. The bottom elastomer layer was then prepared by pouring a sufficient amount 

of elastomer mixture on top of glass substrate and rolling the film applicator rod to make a uniform 

film. The second layer of fabric was then laid flat on elastomer and allowed to wet at the interface. 

The fabric was ironed beforehand to minimize any wrinkles. A small amount of elastomer was 

poured and rolled over the fabric to wet it again and to fill the gaps between pores and level the 
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second layer. As a third layer, a sufficient amount of elastomer was poured over fabric and uniform 

film was made using film applicator rod. 

It should be noted that, in all experiments, the thickness of the fabric layer is constant, specific to 

each fabric used, while the thickness of the elastomer layers below and above the textile layer can 

be varied. The thickness of the elastomer layers could be controlled by the amount of substance 

poured and the rolling area. In this experiment, samples with different thicknesses were prepared 

for rayon/spandex composite to study its effect on the composite’s engineering modulus. 

3.2.3 Uniaxial Mechanical Testing of Materials 

Uniaxial tensile testing of human and porcine aortic specimens. The length, width and thickness 

of the aortic specimens (both circumferential and longitudinal directions) were measured using a 

caliper. The dimensions of porcine and human aortic specimen are listed in  

Table 3.1 - Table 3.3. A Biodynamic 5200 (TA Instruments, USA) with a 22 N load cell was used 

for uniaxial testing of biological specimens in this study, all at room temperature. P150 grit 

sandpaper was folded so that only the grit side was exposed. It was affixed to the last 1 cm of either 

end of the aortic specimens using standard ethyl cyanoacrylate glue to minimize the risk of 

slipping. The upper knurled stainless steel grip of the test instrument was then loosely tightened to 

hold the sandpaper–aortic specimens so that they were hanging and could be straightened before 

tightening at both ends. Throughout the testing process, the aortic specimens were repeatedly 

wetted with phosphate-buffered saline. Each aortic specimen was subjected to a pre-load of 0.04 

N and then the gauge length between grips was measured. Each specimen then underwent pre-

conditioning, where 5% sinusoidal strain was applied for fifteen cycles at a frequency of 1 Hz. 

Aortic specimens were then subjected to a frequency sweep: 10% sinusoidal strain was applied for 
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20 cycles at each of 0.5 Hz, 1 Hz, and finally 2 Hz. The aortic specimens were then extended at 1 

mm/s until failure. The test apparatus recorded the displacement and force as a function of the 

elapsed time.  

Table 3.1. The dimensions of the porcine aortic samples in the circumferential direction. 

Aorta Number Gender Weight (kg) Section Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

1 F 57.0 Inferior  

Superior 

11.3 

12.32 

4.85 

4.50 

1.70 

2.45 

2 F 44.0 Inferior  

Middle 

Superior 

13.1 

12.12 

12.5 

5.60 

4.93 

4.66 

2.40 

2.90 

3.12 

3 F 37.0 Inferior  

Middle 

Superior 

8.81 

9.07 

8.97 

5.19 

5.37 

4.49 

1.64 

2.12 

2.50 

4 F 33.1 Inferior  

Middle 

Superior 

6.73 

6.73 

11.69 

4.98 

4.56 

4.18 

1.89 

2.38 

2.36 

5 F 41.2 Inferior  

Middle 

Superior 

10.46 

10.8 

11.72 

4.62 

5.08 

3.83 

2.68 

2.60 

3.74 

6 F 39.3 Inferior  

Middle 

Superior 

13.55 

16.53 

12.32 

4.82 

5.00 

4.77 

2.07 

1.80 

2.04 

7 F 47.0 Inferior  

Middle 

Superior 

12.2 

15.68 

14.27 

5.40 

4.11 

4.99 

1.76 

2.18 

3.11 

8 F 41.3 Inferior  

Middle 

Superior 

10.16 

9.55 

9.65 

5.02 

5.10 

4.69 

1.66 

1.82 

2.81 

9 F 35.9 Inferior  

Middle 

Superior 

6.12 

5.84 

6.68 

5.06 

4.80 

4.63 

2.16 

2.53 

3.02 

10 F 39.0 Inferior  

Middle 

Superior 

9.97 

10.8 

7.33 

5.18 

2.25 

5.34 

1.86 

2.33 

2.59 

11 F 41.9 Inferior  

Middle 

Superior 

8.46 

5.75 

6.06 

4.72 

5.33 

5.07 

2.40 

2.61 

2.50 

12 F 49.0 Inferior  

Middle 

Superior 

11.9 

8.5 

6.64 

5.04 

4.95 

5.03 

2.38 

2.52 

2.55 

13 F 40.0 Inferior  

Middle 

Superior 

4.8 

5.82 

7.14 

5.26 

5.29 

5.12 

2.12 

2.30 

2.67 

14 F 46.0 Inferior  7.04 5.09 1.51 



52 

 

Middle 

Superior 

6.61 

7.82 

5.14 

5.05 

1.98 

2.56 

 

Table 3.2. The dimensions of the porcine aortic samples in the longitudinal direction. 

Aorta 

Number 

Gender Weight 

(kg) 

Section Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

9 F 35.9 High 8.36 5.22 2.83 

   Low 8.24 5.32 2.63 

10 F 39.0 High 7.15 5.27 2.21 

   Low 7.01 5.54 1.90 

11 F 41.9 High 5.71 5.32 2.22 

   Low 8.2 5.79 2.60 

12 F 49.0 High 7.4 5.57 2.40 

   Low 6.06 5.47 2.33 

13 F 40.0 High 9.26 5.01 2.69 

   Low 5.5 5.33 2.28 

14 F 46.0 High 6.79 5.19 2.17 

   Low 7.92 5.45 2.02 

 

 

Table 3.3. The dimensions of the human aortic samples in the longitudinal and circumferential 

direction. 

Section Length (mm) Width (mm) Thickness (mm) 

Inferior 8.65 5.58 2.07 

Middle 6.1 5.28 1.94 

Superior 7 5.44 1.46 

High 6.42 5.2 1.76 

Low 6.24 4.7 1.81 

 

 

Uniaxial tensile testing of the elastomeric materials and the fabric-elastomer composites. The 

length, width and thickness of the fabricated elastomeric materials and composites were measured 

using a caliper. The dimensions of elastomeric samples and composites are listed in Table 3.4 - 
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Table 3.6. Instron 5943 (Illinois Tool Works Inc., USA) was used to measure stress-strain behavior 

of synthetic elastomers and composites. The elastomeric material samples were subjected to testing 

conditions equivalent to that of the aortic specimens, with two differences. Firstly, sandpaper was 

not used because slippage from the grips of the test apparatus was not an issue. Secondly, silicone 

samples did not need to be sprayed with phosphate-buffered saline. Again, the test apparatus 

recorded the displacement and force as a function of time for each uniaxial tensile test that was 

conducted. The pure elastomeric materials were isotropic, while composites were anisotropic due 

to embedded fabric’s structural differences between wale and course directions (Figure 3.6c). 

Table 3.4. The dimensions of the elastomeric material samples fabricated using silicones.  

Elastomeric Material Ratios Length 

(mm) 

Width (mm) Thickness 

(mm) 

Sylgard 184 (10:1) and Shin-

Etsu SES 22330 20 (1:1) 

9:1 14.0 21.0 1.0 

 8:2 14.0 14.0 1.0 

 7:3 15.0 21.0 0.6 

 6:4 14.0 22.0 0.9 

 1:1 29.0 19.0 0.5 

 4:6 19.0 18.0 1.0 

 3:7 13.0 21.0 0.6 

 2:8 20.0 17.0 1.0 

Sylgard 184 (8:1) and Shin-

Etsu SES 22330 20 (1:1) 

2:1 26.0 23.0 1.0 

 

Table 3.5. The dimensions of the elastomeric material samples fabricated using modified 3M 

VHB 4910. 

Weight Percent of 

Additive 

Length (mm) Width (mm) Thickness (mm) 

29.1 26 20.0 1.2 
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36.1 27 17.0 1.0 

 

Table 3.6. The dimensions of fabric-reinforced composite samples.  

Composite Direction Length (mm) Width (mm) Thickness 

(mm) 

Rayon/spandex 

Composite 1 

Course 25.16 9.65 1.32 

Wale 26.3 11 1.32 

Polyester/spandex 

Composite 2 
 

Course 22.06 10.99 1.8 

Wale 20.35 10.99 1.6 

Nylon/spandex 85/15 

Composite 3 
 

Course 23.35 9.63 0.92 

Wale 22.37 11.28 0.91 

Nylon/spandex 80/20 

Composite 4 
 

Course 22.52 10.88 1.05 

Wale 24.02 9.1 1.2 

 

3.2.4 Data Collection and Statistical Analysis 

The uniaxial tensile test data was then used to determine the mechanical properties of the human 

and porcine aortas, as well as that of the fabricated elastomeric materials. The force and the cross-

sectional area of the aortic specimens and elastomeric material samples were used to calculate 

stress, and the displacement and gauge length were used to obtain strain. To calculate principal 

strain, ε =
Δl

l0
 and to calculate true tress σ =

F

A
=

F

w0t0
(ε + 1) were used, where ∆l is extension, l0 

is original sample length, w0 is initial width and t0 is initial thickness. The human and porcine aorta 

and fabric-elastomer composite modulus 𝐸 were determined as the tangent of stress-strain curve 

at 𝜀 =10%, 25%, 50%, 75% and 100% strain to evaluate local strain stiffening.  
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As for statistical analysis, Student’s t-tests and analysis of variance (ANOVA) were both 

performed to determine whether there was a significant difference in the stiffness between the 

different sections of the porcine aorta at a given strain in both the circumferential and longitudinal 

directions, as well as to investigate dependence of aorta stiffness on the porcine weight. 

3.2.5 Microscopic Characterization 

The fabric structures and composite cross-sectional area were characterized using Zeiss EVO 

scanning electron microscope (SEM). All samples were coated with 10 nm of gold using Denton 

Gold Sputter Unit. The cross-section of the sample was viewed after breaking the sample by tensile 

testing. The samples were viewed in SE mode with an accelerating voltage of 10-20 kV EHT. 

 

3.3  Results  

3.3.1 Mechanical properties of porcine and human aorta 

The aorta is the largest artery in the body [72]. The mechanical properties of the aorta vary with 

respect to location. There is considerable anisotropy between the circumferential and longitudinal 

directions. Here, we obtained uniaxial stress-strain curves from five different locations/directions 

from porcine aorta specimens as shown in Figure 3.3a. Figure 3.3b and c show the stress-strain 

curves from the porcine aorta specimens in the circumferential (superior, n = 14) and longitudinal 

(high, n = 6) directions, respectively. All of the aortic specimens, regardless of which section of 

the aorta that they were obtained from, exhibit the J-shaped behavior. The aortic samples became 

stiffer as the strain increases, which is an important feature to enable the Windkessel effect 

[73].Interestingly, the inferior section stiffened rapidly, whereas the middle and superior section 
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stiffened rather gradually, which can be intuitively understood by considering the middle and 

superior sections as temporal blood reservoirs during systole (Figure 3.3b and Figure 3.4)  [73] 

The same trend is observed in the longitudinal direction, as evidently shown from Figure 2c and 

Figure 3.4 that the low section is considerably stiffer than the high section samples at the same 

strain. Figure 3.3d shows a comparison of the uniaxial tensile behavior of the human (body mass 

of 58.0 kg) and porcine (49.0 kg) aortas. The stress-strain curves of the human and porcine aortas 

are compared at a maximum strain of 150%, although a previous study has shown that average 

physiological strain in the circumferential direction of healthy human aortas is approximately 32%, 

while the maximum is 57% [74]. When comparing these two samples, the human aorta was stiffer 

than the porcine aorta. The uniaxial tensile behaviors of the descending thoracic portion of the 

human aorta in all five sections are shown in Figure 3.4. As in the porcine samples, all sections of 

the human aorta demonstrated the J-shaped behavior [73]. Moreover, the circumferential samples 

showed lower modulus compared the longitudinal sample, thus anisotropy is evident.   
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Figure 3.3. The uniaxial tensile behavior of the descending thoracic portion of aortas in the 

circumferential and longitudinal directions: a) the descending thoracic portion of aortas are cut 

into five sections for uniaxial tensile testing, uniaxial tensile behavior of b) circumferential 

(superior) and c) longitudinal (high) sections of porcine aorta, d) comparison between human and 

porcine aortas. 
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Figure 3.4. Uniaxial tensile properties for porcine and human aorta. 

A previous study suggested that biomechanical properties of porcine tissue resemble human since 

the anatomy of the porcine heart and vasculature is similar to those of a human [75].The average 

modulus (stiffness) of the descending thoracic portion of the porcine aorta in the circumferential 

and longitudinal directions at 10%, 25%, and 50% strain are presented in Figure 3.5a and b. Here, 

the anisotropic trend is confirmed that the longitudinal direction is stiffer than the circumferential 

direction in a qualitative manner. In addition, the distal sections from the heart (low or inferior) 

appeared stiffer than the nearer sections (high/middle or superior) at lower strains (10% and 25%). 

However, at higher strains (50%), the moduli of the low and the high sections are almost the same.  

Stiffness values are evaluated at strain levels of 10%, 25%, and 30% for the five sections of porcine 

aorta are plotted against each specimen’s weight (n = 6) in Figure 3.5c. A series of comparisons 

were made using ANOVA to determine whether there was a significant difference in the stiffness 
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between the different sections of the aorta at a given strain, that is in both the circumferential and 

longitudinal directions. A p-value less than 0.05 indicated that this difference was statistically 

significant. 

The stiffness of each section from the porcine aorta did not show a significant difference against 

varying weights (p>0.05) at given strain. Thus, it can be concluded that the stiffness of porcine 

aorta varies significantly with orientation and position from the heart, but we could not find a 

correlation to the weight of the donor porcine. 
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Figure 3.5. Stiffness of porcine aorta at 10%, 25% and 50% strain for a) circumferential (n = 14) 

and b) longitudinal directions (n = 6), c) for different pig weights (n = 6). 
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3.3.2 Mechanical properties of neat and blended commercial elastomers 

As the first attempt to mimic the mechanical properties of a natural aorta, commercially available 

elastomers and their mixtures were tested. Figure 3.6a shows the stress-strain curves from uniaxial 

tensile tests of Sylgard 184 (10:1 and 20:1, matrix:crosslinker), Shin-Etsu SES22330 10 (1:1, Parts 

A:B), Ecoflex 0050 (1:1) and the unmodified VHB 4910 acrylic elastomer, while the human aortic 

specimen results are provided plotted for comparison. All silicone materials appeared too soft 

when compared to human aorta.  

In addition, mixtures of Sylgard 184 (10:1) and Shin-Etsu SES 22330 20 (1:1) in the varying ratios 

of 9:1, 8:2, 7:3, 6:4, 1:1, 4:6, 3:7, and 2:8, as well as modified VHB acrylic elastomers were tested 

(Figure 3.7). All the abovementioned elastomeric materials were unable to mimic the J-shaped 

strain-stiffening behavior of the human aorta, vital for the Windkessel effect. In this study, only 

modified VHB 4910 with 29.1 wt% of the additive exhibited slightly rapid stiffening at moderate 

strain (Figure 3.7), albeit it was unable to mimic the useful range as an aorta substitute.  
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Figure 3.6. Stress-strain properties of constituting materials before compositing. a) elastomers 

(with human aorta values for comparing purpose), b) textiles with different fabric structures (single 

yarn of polyester/spandex, woven polyester/spandex, knitted polyester/spandex, and nonwoven 



63 

 

polyurethane), c) anisotropy of knitted rayon/spandex between wale and course directions (red 

“X” is the point of failure). 

 

 

Figure 3.7. Uniaxial tensile properties of elastomeric blends compared to those of human aorta: 

a), b) mixing Sylgard 184 (10:1) and Shin-Etsu SES 22330 20 (1:1), c) mixing Sylgard 184 (8:1) 

and Shin-Etsu SES 22330 20 (1:1), d) VHB 4910 with different wt% of additive.  
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3.3.3 Mechanical properties of fabric-reinforced elastomer composites 

Since commercial neat elastomers (without reinforcing substance) were unable to provide 

nonlinear response to strain, fiber reinforcement was implemented to achieve the desired strain-

stiffening effect at low-strain range. First, we evaluated the stress-strain properties of various 

commercial textiles materials as candidates for reinforcements. The properties of fabrics largely 

depend on the constituting yarn’s mechanical properties, as well as on the fabric structure between 

the yarns. All the fabrics used in this work were blends with spandex, as previous research 

suggested that the use of elastane amplifies the strain at break [76]. 

To select the type of textiles to be used in composites, different textile structures were evaluated. 

Figure 3.6d compares the stress-strain relationships of single yarn, knitted and woven textile made 

from polyester/spandex blend, and non-woven textile (polyurethane nanofiber). Here, a single yarn 

has a linear response to strain and the stiffest among the four. Woven textile exhibits a nonlinear 

response and is less stiff, followed by the knitted textile that is also nonlinear and is softer than the 

woven textile. This trend of decreasing stiffness is attributed to the structure of the textile. Yarns 

are interlacing in the woven fabric while knitwears are interloping [76].Knitwear textiles are 

designed to allow great mobility for the yarns at low strains by loop elongation. At higher strains, 

yarn straightening results in high stiffness. The woven textile does not have loops but yarns are 

interlocked, therefore this structure is stiffer than knitwear. The nonwoven textile is the softest and 

exhibits a linear response in Figure 3.6b. This is because the fibers in such a fabric are randomly 

oriented and not restricted by structure and hence allow for extension in different directions [77]. 

As shown in Figure 3.6c, the knitted structure has an anisotropy where wale orientation (vertical 

rows in a loop of knitted fabric) is stiffer than course (horizontal rows). The course direction allows 

the loops to be stretched more flexibly, whereas the mobility of the loops is limited in the wale 
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direction. Therefore, the tensile strength of the wale direction is higher than that of the course  [78]. 

Composites of four fabrics 93%-rayon/7%-spandex, 90%-polyester/35%-spandex blend, 85%-

nylon/15%-spandex and 80%-nylon/20%-spandex were used to prepare fabric/elastomers 

composites. The results shown in Figure 3.8 of the fabricated composite materials show that 

knitted-fabric reinforced elastomer composites were able to mimic the J-shaped and anisotropic 

mechanical properties of the human aorta. Based on this discussion, it was concluded that knitted 

textile made from a spandex blend has the greatest potential to obtain both strain-stiffening and 

anisotropy of natural aorta. 
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Figure 3.8. The mechanical properties of fabricated fabric-elastomer composites compared with 

the human and porcine aorta specimens: a) composites 1-4 in course direction compared to human 

aorta in circumferential direction, b) composites 1-4 in wale direction  compared to human aorta 

in longitudinal direction, c) obtained stiffness values at 10%, 25%, 50%, 75%, and 100% strain. 

Composite 1: Ecoflex 0050 and rayon/spandex, Composite 2: Ecoflex 0050 and polyester/spandex, 

Composite 3: Ecoflex 0050 and nylon/spandex 85/15, Composite 4: Ecoflex 0050 and 

nylon/spandex 80/20. 
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All four fabric composites shown in Figure 3.8 are significantly stronger than the pure, 

unreinforced Ecoflex 0050 elastomer, which confirms fabric-reinforcement. Composite stiffness 

at 10%, 25%, 50%, 75%, and 100% strain were obtained by the slope of the stress-strain curve and 

are compared in Figure 3.8c. These moduli values show the composite’s ability to resist tension. 

Here, the J-shaped strain-stiffening behaviors are clearly seen from all four composites. All 

composites also exhibited anisotropic behavior in two perpendicular directions: the softer direction 

was denoted as a course, while the stiffer direction as a wale. At all strains, except above 75% in 

the longitudinal direction, rayon composite is the stiffest in both directions. Moreover, it is highly 

anisotropic, significantly stiffer in the wale direction compared to course. Nylon/spandex 85/15 is 

the second stiffest material in the longitudinal (wale) direction, with a rapid stiffening even higher 

than for rayon/spandex above 75% strain. This material also shows anisotropy, where the modulus 

in course direction is significantly lower than for wale. Polyester/spandex and nylon/spandex 80/20 

composites are softer than the two composites discussed earlier. Nylon/spandex 80/20 displays a 

less pronounced anisotropic behavior in two directions, whereas polyester/spandex composite 

shows a nearly isotropic trend. 

As seen from Table 3.7, all composites have a higher or similar elongation at the point of breaking 

when compared to pure textiles and exhibit high stretchability against failure (150-300% ultimate 

elongation). Polyester/spandex and nylon/spandex 80/20 display the highest stretchability in both 

directions (>300%), followed by rayon/spandex (223% and 189% in course and wale respectively) 

and nylon/spandex 85/15. These differences in fabric-elastomer composite elongations can be 

attributed to the microscopic structure of embedded fabrics. As seen from Figure 3.1, the 

polyester/spandex and nylon/spandex 80/20 have a similar microscopic structure. Nylon/spandex 
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85/15 has the knitted structure, with limited loops, which only allows limited mobility and hence 

elongation of this fabric. The rayon/spandex fabric has the highest density among all textiles, 

which when pores are filled with elastomer can act as stress concentration, which restricts the 

composite stretchability. 

Table 3.7. Measured anisotropic mechanical properties of fabrics and fabric/elastomer composites. 

 
Direction Elongation at break 

(%) 

Tensile strength 

(MPa) 

Ecoflex 0050 
 

801% 7.124 

Rayon/spandex Course 255% 13.481 

Wale 156% 11.144 

Composite 1  Course 223% 6.880 

Wale 189% 9.945 

Polyester/spandex Course 248% 24.501 

Wale 220% 15.633 

Composite 2  Course 301% 11.986 

Wale 305% 13.157 

Nylon/spandex 85/15 Course 215% 10.395 

Wale 148% 13.644 

Composite 3  Course 169% 2.009 

Wale 168% 9.312 

Nylon/spandex 80/20 Course 270% 29.663 

Wale 263% 35.547 

Composite 4  Course 311% 19.262 

Wale 334% 15.087 

 

Figure 3.9a shows the stress-strain behavior of unreinforced Ecoflex 0050, rayon/spandex textile 

and their composite in course and wale directions. The modulus of the composite is higher than 

the neat elastomer or original fabric themselves in both directions. This can be explained by good 

adhesion of silicone elastomer and the fabrics, confirmed by cross-sectional SEM images of the 

composite (Figure 3.9c) , which results in the reduction of structural mobility due to textile pores 

filled with elastomer.  
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The effect of the composite thickness on the mechanical properties was studied for rayon/spandex 

composite and results are plotted in Figure 3.9b. It should be noted that the thickness of the 

embedded fabrics is constant, and the thickness of the composite was controlled by the thickness 

of elastomer on both sides. Strain limitation comes from the layer, where fabric is embedded due 

to the restricted stretchability, while the elastomer layers remain elastic [79]. The thinnest sample 

(1.22 mm) has the highest weight fraction of fabrics (17.7 %), and the thickest sample (1.78 mm) 

has the lowest weight fraction of fabrics (11.8%). As the thickness of the composite increases, the 

engineering modulus decreases, or the composite with lowest weight fraction of fabrics has the 

lowest engineering modulus. In this work, the tensile properties of the composites vary with both 

the test direction and fiber weight fraction, which is a marker of good interface obtained between 

the fabrics and elastomer and the absence of textile slipping without deforming the matrix [80]. 
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Figure 3.9. Uniaxial tensile behavior of a) unreinforced Ecoflex 0050 elastomer, knitted 

rayon/spandex, and the composite of them in wale and course directions, b) effect of composite 

thickness on engineering stress-strain behaviors of the composites, c), d) Cross-sectional SEM 

images of the composites. 
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3.4  Discussions 

3.4.1 Stress-strain properties of neat elastomers 

Elastomers are suitable medical materials due to their nearly instantaneous response to stresses 

and fully reversible deformation [81]. Silicone elastomers, in particular, remain of interest for 

medical applications because of their recognized biocompatibility [34]. However, despite that the 

uniaxial tensile properties of elastomers are similar to soft tissues at low strains, they are unable to 

capture strong strain-stiffening of soft tissue at low strains (<100%) Such mechanical behavior of 

silicone elastomers can be related to their macromolecular structure [35]. Traditional elastomers 

are lightly cross-linked networks with large chain mobility, which allows for immediate response 

to external stresses resulting from rapid rearrangement of the polymer segments. The response of 

an individual polymer chain to external stress depends on the rigidity of a polymer backbone [37]. 

Normally, a flexible polymer chain can undergo very large deformations without resistance before 

reaching full elongation. In contrast, semi-flexible and rigid polymers can exhibit nonlinear 

behavior at small strains due to geometrical constraints. Most commercial synthetic polymers, 

however, lack the molecular complexity to experience hierarchical self-assembly to form stiffer 

structures [37]. This study has evidenced this point, as none of the pure elastomers and elastomer 

blends were able to reproduce strain-stiffening at low strain range of interest (Figure 3.7).  

Anisotropy is another essential biological property that is difficult to design. Anisotropy in 

biological tissues originates from the orientation of collagen fibers. Thus, the directional variation 

of the structure is required for mimicking anisotropy. In this work, the use of fabric-elastomer 

composites with embedded knitted textiles has shown both strain-stiffening and anisotropic 

response to uniaxial tensile testing.  
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3.4.2 Analytical model for the natural aorta and fabric-reinforced elastomers 

To verify aorta-like stress-strain behavior of the fabric-reinforced composites, an analytical model 

was first developed to describe natural porcine and human aorta, which was used subsequently to 

examine composites. As mentioned earlier, aorta is composed of both elastic and stiff fibrous 

components. The main structural components of the arterial wall are elastin and collagen, with 

elastin being a rubber-like matrix with low modulus and collagen being a stiff reinforcing 

component  [16]. 

Gundiah and co-workers demonstrated that the classical neo-Hookean model can be used to 

describe arterial elastin: [82] 

𝑊𝑒𝑙𝑎𝑠𝑡𝑖𝑛 =
𝑐

2
(𝐼1 − 3)                                                                 (2) 

where c > 0 is a stress-like material parameter and I1 is the 1st strain tensor invariant. However, 

classical elasticity theory assumes that the polymer stress-strain property depends on entropic 

elasticity of polymer chains, and thus is unable to capture the strain-stiffening and anisotropy in 

natural tissues. The strong stiffening effect and anisotropy of the tissue observed at high loadings 

is mainly due to collagen fibers, and hence using an exponential function is effective to describe 

strain energy stored in the collagen fibers as follows: [21] 

𝑊𝑐𝑜𝑙𝑙𝑎𝑔𝑒𝑛 =
𝑘1
2𝑘2

 ∑ {exp[𝑘2(𝐼𝑖 − 1)
2] − 1}

𝑖=4,6

 

  (3) 
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where k1 > 0 is a stress-like material parameter and k2 > 0 is a dimensionless parameter. It is 

assumed that I4 and I6 invariants contribute to both stiffening effect and anisotropy. 

Thus, the following equation was proposed to capture the arterial response under tension: [71] 

𝑊𝑎𝑟𝑡𝑒𝑟𝑦 =
𝑐

2
(𝐼1 − 3) +

𝑘1
2𝑘2

 ∑ {exp[𝑘2(𝐼𝑖 − 1)
2] − 1}

𝑖=4,6

 

(4) 

In this study, the neo-Hookean law employed to describe elastin was substituted with more 

generalized Mooney-Rivlin and Gent models, which demonstrated a closer fitting to experimental 

data for the rubber-like materials.  

Gent model. This analytical model makes use of the Gent’s hyper-elastic material theory [83], [84], 

[85] coupled with the fiber–elastomer interaction effects [79] to describe the strain-stiffening, J-

shape behavior in the highly strained fiber-elastomer composites. The strain energy of the fabric-

reinforced elastomers was estimated as the sum of strain energies of the highly stretched elastomer, 

the strained fiber, and the fiber-elastomer interactions as: [79] 

𝑊𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑊𝑒𝑙𝑎𝑠𝑡𝑜𝑚𝑒𝑟 +𝑊𝑓𝑖𝑏𝑒𝑟𝑠 +𝑊𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛                                    (5) 

Firstly, the strain energy per unit volume in the elastomer Welastomer is given as: [83], [84], [85]              

𝑊𝑒𝑙𝑎𝑠𝑡𝑜𝑚𝑒𝑟 = −
𝜇𝐽𝑙𝑖𝑚
2

𝑙𝑛 (1 −
𝐼1 − 3

𝐽𝑙𝑖𝑚
) 

                       (6)  

where μ is the shear modulus, Jlim is the stretch limit of the elastomer, and I1 is the 1st strain tensor 

invariant. 
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Next, the fabric fibers and the elastomer-fiber interactions have resulted in the sum of the strain 

energies (Wfibers+ Winteraction) when stretched. Holzapfel, Gasser, and Ogden [21] proposed to 

describe the fabric-reinforced behavior of a multi-walled structure of elastic artery as:  

𝑊𝑓𝑖𝑏𝑒𝑟𝑠 +𝑊𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑘1
2𝑘2

 ∑ {𝑒𝑥𝑝[𝑘2(𝐼𝑖 − 1)
2] − 1}

𝑖=4,6

 

                                 (7)  

where k1 and k2 are the constants associated with continuum properties of `the fibers and the 

elastomer-fiber interactions, respectively, and Ii (i = 4,6) is the i-th invariant of the strain tensor of 

the elastomer-fiber composite [21]. 

The elastomer used in this study was assumed incompressible so that the volumetric product is a 

unit constant 𝜆1𝜆2𝜆3 = 1  [86]. Therefore, the state equations of the principal Cauchy stresses or 

true stresses ti (i=1,2,3) are given as: 

𝑡𝑖 = 𝜆𝑖
𝜕𝑊𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝜕𝜆𝑖
− 𝑝                                                                   (4) 

where p is the Lagrange multiplier which is determined by kinetic boundary conditions. For 

example, in uniaxial tensile state, the boundary conditions are examined as 𝜆2=𝜆3=1/√𝜆1 and t2= 

t3=0  [87]. Consequently, the true stress t1Gent in the tensile direction is yielded as: 

𝑡1 𝐺𝑒𝑛𝑡 = 3𝜇𝐽𝑙𝑖𝑚

(𝜆1
2 − 1 𝜆1

⁄ )

[𝐽𝑙𝑖𝑚 − (𝜆1
2 + 𝜆2

2 + 𝜆3
2 − 3)]

+ 6𝑘1𝜆1
2(𝜆1

2 − 1) 𝑒𝑥𝑝[𝑘2(𝜆1
2 − 1)2] 

                 (5) 
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Mooney-Rivlin model. The Mooney-Rivlin model was developed to compare with Gent’s model 

to describe behavior of the fabric-reinforced elastomers. The strain energy per unit volume 

Welastomer in the stretched elastomer is given as: [88] 

𝑊𝑒𝑙𝑎𝑠𝑡𝑜𝑚𝑒𝑟 = 𝐶10(𝐼1 − 3) + 𝐶01(𝐼2 − 3) +
1

𝐷1
(𝐽 − 1)2                                     (6) 

where C10 and C01 are material constants, Ii is the i-th strain tensor invariant, D1 is a temperature-

dependent material parameter that reflects material compressibility and J is the volume variation 

ratio. For nearly incompressible materials, such as the elastomers used in this study, J value is 

nearly 1, and thus the third term in Equation (6) is assumed to be zero. 

Applying Equation 5 and the same boundary conditions as for Gent’s model, the true stress t1MR in 

the tensile direction for the fabric-reinforced composite is: 

𝑡1 𝑀𝑅 = 6𝐶10 (𝜆1
2 − 

1

𝜆1
) + 6𝐶01 (𝜆1 − 

1

𝜆1
2) + 6𝑘1𝜆1

2(𝜆1
2 − 1) 𝑒𝑥𝑝[𝑘2(𝜆1

2 − 1)2] 

                (7) 

𝜆1 = 𝜀 + 1                                                                      (8) 

Using Equations (5), (7) and (8), all porcine and human aorta uniaxial tensile data were fitted to 

the developed analytical models to determine main parameters. These parameters include shear 

modulus µ and limit of extensibility Jlim, k1 and k2 for Gent model, and stress-like parameters C10, 

C01, and k1, and k2, and for Mooney-Rivlin’s model. For Gent’s model, µ, Jlim values were 

determined by fitting the experimental curves, where the shear modulus was determined at the 

small-strain region. Jlim values were the maximum values of (𝜆1
2+𝜆2

2+𝜆3
2-3) from the human and 

porcine aorta, or from the elastomer matrix for composites [89], [90], [91]. For Mooney-Rivlin 
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model, the C10 and C01 coefficients were determined solely from the elastomeric matrix for 

composites. In other words, we defined the C10, C01, µ and Jlim coefficients from neat elastomers 

and applied these values to all composites using the respective elastomers, instead of applying 

different coefficients for different composites just to obtain the best fitting. 

Figure 3.11 and Figure 3.10 show that both developed models are in good agreement with 

experimental data (R2>0.9, Table 3.8 and Table 3.9). Generally, fabric-elastomer composites have 

shown better correlation compared to natural aortas. This is because biological materials are not 

as homogeneous as synthetic composites [46]. The only parameter that was significantly different 

for the aortas and the composites was the average Jlim, which was found to be 6.61 ± 5.40 and 5.63 

±0 .00 for porcine and human aorta, respectively, and 197.63±0.00 for the fabric-elastomer 

composites. This is because the biological tissue has limited extensibility (typically less than 

200%), while the fabric composite contains the elastomer matrix which has a high elongation at 

break (1000%).  

All other parameters were found to be very close. Shear moduli (µ) for the human and porcine 

aorta were 8.10 ± 0.00 kPa and 7.10±1.09 kPa, respectively. The value was slightly higher for 

composites, 18.10 ± 0.00 kPa. The k1 for aortas and the composites were very similar at 11.84 ± 

9.06 kPa, 11.99 ± 10.44 kPa and 13.68 ± 10.26 kPa for porcine, human aortas, and composites, 

respectively. Same was true for k2, whose values were 0.08 ± 0.14, 0.03 ± 0.03 and 0.001 ± 0.005, 

respectively. As for the Mooney-Rivlin model, we restricted all the fitted data to be C10 > 0 and 

C01 < 0. Here, C10 stands for the elastic behavior of the material [92], [93] and was similar to shear 

modulus obtained in Gent’s model. In this study, composites exhibited a similar C10 (15.00±0.00 

kPa) to human and porcine aorta (15.00±0.00 kPa and 12.52±3.30 kPa respectively). The term C01 

describes the nonlinearity of the stress-strain curve and was useful to capture the strain-stiffening 
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of the pure Ecoflex elastomer at high strains [92]. For both the natural aorta and composites k1 and 

k2 for Mooney-Rivlin’s were the same with those obtained for Gent’s model. 

Overall, it was established from analytical modeling that the elasticity of natural aorta at low strains 

is attributed to the elastin (described by Mooney-Rivlin and Gent models) and stiffening of the 

curve at higher strains originates from collagen contribution and k1 and k2 parameters (Holzapfel 

model). In the fabric-reinforced elastomers, the low elastic modulus at low strains comes from the 

elastomer matrix (described by Mooney-Rivlin and Gent models) and the stiffening at higher 

strains comes from embedded fabric (Holzapfel model). Moreover, the values of the main 

parameters, namely µ, k1 and k2 for Gent’s model, and stress-like parameters C10, C01, and k1, and 

k2, and for Mooney-Rivlin’s were very similar between the natural aorta and our fabric-reinforced 

composites. These support the aorta-like behavior of the developed fabric-reinforced composites. 

 

Figure 3.10. Analytical model predictions compared to the experimental values for the human 

aorta and the fabric-reinforced elastomers. Experimental and fitted data for unreinforced Ecoflex 

0050, human aorta in circumferential superior sections and rayon/spandex fabric-reinforced 

composite in course direction for a) Gent-Holzapfel model and b) Mooney-Rivlin-Holzapfel 

model. 
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Figure 3.11. Analytical model predictions compared to the experimental values for the human 

aorta and the fabric-reinforced elastomers. Experimental and fitted data for Gent-Holzapfel model 
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for a) unreinforced Ecoflex 0050, b) human aorta circumferential superior and longitudinal high 

sections, and c) rayon/spandex fabric-reinforced composite, d), e), f) respectively for Mooney-

Rivlin-Holzapfel model. 

Table 3.8. Material parameters for Gent model obtained from our experimental data. 

Aorta # Weight 

[kg] 

Section µ [kPa] Jlim k1 [kPa] k2 Rsq 

Human 
 

58 
 

Inf 8.10 5.63 4.20 0.0647 0.9847 

Mid 8.10 5.63 3.03 0.0600 0.9660 

Sup 8.10 5.63 9.80 0.0183 0.9976 

High 8.10 5.63 2.89 0.0021 0.9829 

Low 8.10 5.63 14.00 0.0012 0.9851 

Porcine 

1 57 Inf 6.00 2.00 9.20 0.1931 0.9864 

Sup 6.20 2.00 6.30 0.1629 0.9982 

2 44 Inf 8.20 2.00 2.10 0.3949 0.9896 

Mid 8.20 4.00 4.60 0.1624 0.9942 

Sup 8.20 3.50 3.10 0.2500 0.9977 

3 37 Inf 8.10 5.50 14.60 0.0526 0.9961 

Mid 8.10 5.50 4.80 0.0882 0.9987 

Sup 8.10 5.50 10.90 0.0587 0.9956 

4 33.1 Inf 8.30 5.00 17.90 0.0033 0.9957 

Mid 7.40 5.00 14.60 0.0095 0.9887 

Sup 7.40 4.00 18.50 0.0113 0.9821 

5 41.2 Inf 7.40 3.50 10.90 0.0162 0.9939 

Mid 7.40 5.00 4.50 0.0898 0.9969 

Sup 4.40 5.00 1.72 0.1384 0.9928 

6 39.3 Inf 6.40 2.00 6.10 0.1995 0.9972 

Mid 7.20 2.00 7.40 0.2091 0.9989 

Sup 7.20 2.40 6.02 0.1511 0.9959 
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7 47 Inf 5.30 2.00 16.90 0.2456 0.9913 

Mid 5.30 2.00 8.80 0.6581 0.9938 

Sup 5.32 5.00 2.50 0.5864 0.9954 

8 41.3 Inf 8.30 4.00 9.80 0.0734 0.9948 

Mid 8.30 3.80 10.50 0.0111 0.9964 

Sup 8.30 5.00 7.50 0.0310 0.9954 

9 35.9 Inf 6.50 5.00 12.82 0.0016 0.9971 

Mid 6.50 4.00 14.10 0.0164 0.9878 

Sup 8.20 10.00 5.20 0.0028 0.9981 

High 8.20 5.00 14.70 0.1196 0.9874 

Low 6.40 5.00 38.20 0.0300 0.9639 

10 39 Inf 7.20 3.50 16.60 0.0513 0.9947 

Mid 7.20 3.50 20.20 0.0276 0.9932 

Sup 7.20 3.50 40.40 0.0375 0.9958 

High 7.20 5.00 5.40 0.0027 0.9266 

Low 7.20 35.00 2.40 0.0001 0.8859 

11 41.9 Inf 8.20 5.00 8.50 0.0443 0.9976 

Mid 7.20 5.00 12.10 0.0035 0.9939 

Sup 7.20 7.00 13.50 0.0020 0.9763 

High 6.30 7.00 2.90 0.0010 0.8307 

Low 6.30 7.00 41.80 0.0110 0.9828 

12 49 Inf 8.10 5.00 6.00 0.1674 0.9969 

Mid 8.10 5.00 9.00 0.0202 0.9979 

Sup 6.50 7.00 7.20 0.0081 0.9940 

High 6.20 5.00 17.00 0.0152 0.9892 

Low 6.20 7.00 15.90 0.0133 0.9324 

13 40 Inf 8.20 15.00 4.51 0.0052 0.9151 

Mid 7.20 15.00 5.30 0.0110 0.9740 

Sup 6.20 15.00 8.10 0.0104 0.9916 

High 3.00 15.00 13.60 0.0591 0.9869 

Low 7.20 15.00 12.50 0.0057 0.9816 



81 

 

14 46 Inf 7.50 10.00 11.20 0.0029 0.9993 

Mid 7.50 10.00 6.39 0.0069 0.9931 

Sup 7.50 10.00 9.75 0.0053 0.9874 

High 7.50 10.00 25.54 0.0122 0.9511 

Low 7.50 10.00 27.30 0.0042 0.9940 

Composites 
 

Embedded fabric Section µ [kPa] Jlim k1 [kPa] k2 Rsq 

Polyester/Spandex Course 18.10 197.63 8.50 0.0001 0.9682 

Wale 18.10 197.63 9.50 0.0001 0.9673 

Rayon/Spandex Course 18.10 197.63 10.25 0.0011 0.9588 

Wale 18.10 197.63 25.08 0.0012 0.9943 

Nylon/Spandex 80/20 Course 18.10 197.63 6.78 0.0001 0.9987 

Wale 18.10 197.63 10.10 0.0011 0.9834 

Nylon/Spandex 85/15 Course 18.10 197.63 5.11 0.0001 0.9898 

Wale 18.10 197.63 34.11 0.0007 0.9946 
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Table 3.9. Material parameters for Mooney-Rivlin model obtained from our experimental data. 

Aorta # Weight 

[kg] 

Section C10 [kPa] C01 

[kPa] 

k1 [kPa] k2 Rsq 

Human 
 

58 
 

Inf 15.00 -11.00 4.20 0.0647 0.9917 

Mid 15.00 -11.00 3.03 0.0060 0.9736 

Sup 15.00 -12.00 9.80 0.0183 0.9992 

High 15.00 -11.26 28.90 0.0021 0.9849 

Low 15.00 -11.00 14.00 0.0012 0.9825 

Porcine 

1 57 Inf 15.00 -11.00 6.80 0.2654 0.9854 

Sup 15.00 -11.00 4.30 0.2495 0.9976 

2 44 Inf 15.00 -11.00 2.10 0.3949 0.9971 

Mid 8.50 -5.00 4.40 0.1733 0.9943 

Sup 8.50 -5.50 3.10 0.2500 0.9985 

3 37 Inf 15.00 -11.00 13.10 0.0602 0.9959 

Mid 15.00 -11.00 3.90 0.0966 0.9975 

Sup 10.00 -7.50 5.50 0.0847 0.9967 

4 33.1 Inf 15.00 -11.00 16.30 0.0091 0.9957 

Mid 10.00 -7.50 14.60 0.0092 0.9914 

Sup 10.00 -7.50 18.50 0.0113 0.9822 

5 41.2 Inf 15.00 -11.00 9.10 0.0339 0.9938 

Mid 10.00 -7.50 4.10 0.0996 0.9972 

Sup 5.00 -3.40 1.80 0.1150 0.9920 

6 39.3 Inf 10.00 -7.50 5.70 0.2296 0.9973 

Mid 10.00 -7.50 7.20 0.2268 0.9991 

Sup 10.00 -7.50 6.20 0.1511 0.9973 

7 47 Inf 10.00 -7.50 16.10 0.2592 0.9913 

Mid 15.00 -11.00 6.10 0.8681 0.9941 

Sup 10.00 -7.50 1.70 0.6996 0.9963 
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8 41.3 Inf 15.00 -11.00 8.60 0.0857 0.9941 

Mid 15.00 -11.00 10.50 0.0111 0.9989 

Sup 15.00 -11.00 6.10 0.0444 0.9947 

9 35.9 Inf 10.00 -7.50 12.90 0.0016 0.9987 

Mid 10.00 -7.50 14.00 0.0164 0.9912 

Sup 10.00 -7.50 5.20 0.0028 0.9991 

High 10.00 -7.50 14.80 0.1196 0.9897 

Low 5.00 -3.40 38.20 0.0268 0.9659 

10 39 Inf 10.00 -7.50 16.20 0.0566 0.9949 

Mid 15.00 -11.00 18.30 0.0376 0.9932 

Sup 10.00 -7.50 39.90 0.0397 0.9959 

High 10.00 -7.50 5.40 0.0271 0.9315 

Low 10.00 -7.50 3.00 0.0001 0.9205 

11 41.9 Inf 15.00 -11.00 7.20 0.0553 0.9973 

Mid 15.00 -11.00 10.20 0.0123 0.9944 

Sup 15.00 -11.00 13.50 0.0002 0.9828 

High 15.00 -11.00 2.90 0.0009 0.8906 

Low 15.00 -11.00 39.30 0.0146 0.9829 

12 49 Inf 15.00 -11.00 4.40 0.2127 0.9973 

Mid 15.00 -11.00 7.50 0.0312 0.9976 

Sup 15.00 -11.00 7.00 0.0081 0.9971 

High 15.00 -11.00 15.10 0.0227 0.9890 

Low 15.00 -11.50 15.90 0.0133 0.9494 

13 40 Inf 15.00 -11.00 4.50 0.0052 0.9396 

Mid 15.00 -11.00 5.20 0.0100 0.9841 

Sup 15.00 -11.00 7.00 0.0104 0.9945 

High 1.50 -1.10 14.00 0.0572 0.9874 

Low 15.00 -11.00 11.50 0.0052 0.9831 

14 46 Inf 15.00 -11.00 9.50 0.0065 0.9991 

Mid 15.00 -11.00 6.10 0.0069 0.9927 

Sup 15.00 -11.00 9.50 0.0007 0.9947 
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High 15.00 -11.00 25.00 0.0125 0.9473 

Low 15.00 -11.00 25.40 0.0065 0.9939 

Composites 
 

Embedded fabric Section C10 [kPa] C01 

[kPa] 

k1 [kPa] k2 Rsq 

Polyester/Spandex Course 15.00 -11.00 8.50 0.0001 0.9656 

Wale 15.00 -11.00 9.50 0.0001 0.9659 

Rayon/Spandex Course 15.00 -11.00 10.25 0.0011 0.9539 

Wale 15.00 -11.00 25.08 0.0012 0.9951 

Nylon/Spandex 80/20 Course 15.00 -11.00 6.78 0.0001 0.9993 

Wale 15.00 -11.00 10.10 0.0011 0.9874 

Nylon/Spandex 85/15 Course 15.00 -11.00 5.11 0.0001 0.9916 

Wale 15.00 -11.00 34.11 0.0007 0.9950 

  



85 

 

3.5  Conclusion  

The purpose of this study was to develop fabric-reinforced elastomers that mimic the mechanical 

properties of the natural aorta, and then to establish analytical models to extract material 

parameters. Here, the human and porcine aortas demonstrated the J-shaped strain-stiffening in 

uniaxial tensile testing and were stiffer in the longitudinal direction when compared to the 

circumferential direction. In terms of location dependence, we observed that the porcine aorta 

appears to be stiffer at the distal sections from the heart when compared proximal regions. In order 

to find the optimal combination between the elastomeric matrix and the fabric reinforcement, the 

uniaxial tensile properties of various commercial elastomers (VHB 4910 acrylic elastomers 

with/without additives, Sylgard 184 with various curing agent concentrations, Ecoflex 0050, Shin-

Etsu SE S22330, and natural rubber) and commercial fabrics/textiles (woven and knitted 

polyester/spandex with various spandex content, rayon/spandex, nylon/spandex, and nonwoven 

polyurethane) were tested and the data were archived. Here, neat elastomer materials could not 

mimic the J-shape, nor the anisotropy. Among composite elastomers, knitted rayon/spandex fabric 

sandwiched by the two layers of Ecoflex 0050 was the best in mimicking both the strain-stiffening 

and anisotropy features of the aorta. Here, the knitted fabrics played a role of anisotropically 

crumped elastin and collagen, which enable low moduli at low strains and a rapid stiffening at high 

strains. Two analytical constitutive models were developed to represent the strain-stiffening 

behavior of natural aorta and confirm aorta-like behavior of fabric-reinforced composite. The two 

models were based on Holzapfel–Gasser–Ogden’s model (to represent the stiff fibers) in 

conjunction with Gent’s and Mooney-Rivlin’s constitutive model (to describe elastic matrix), 

respectively. These models were used to extract parameters to describe the mechanical properties. 
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3.6  Analytical constitutive model details 

Derivation details of analytical models for stress-strain behavior 

(i) Holzapfel model combined with Gent model: 

Free strain energy W: 

𝑊 = 𝑊𝑒𝑙𝑎𝑠𝑡𝑜𝑚𝑒𝑟 +𝑊𝑓𝑖𝑏𝑒𝑟𝑠 +𝑊𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠                                     (1) 

With 

𝑊𝑒𝑙𝑎𝑠𝑡𝑜𝑚𝑒𝑟 = −
𝜇𝐽𝑙𝑖𝑚

2
𝑙𝑛 (1 −

𝐼1−3

𝐽𝑙𝑖𝑚
)                         (2) 

𝑊𝑓𝑖𝑏𝑒𝑟𝑠 +𝑊𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 =
𝑘1
2𝑘2

∑{𝑒𝑥𝑝[−𝑘2(𝐼�̅� − 1)
2] − 1}

𝑖=4,6

                   (3) 

𝑊𝑓𝑖𝑏𝑒𝑟𝑠 +𝑊𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 =
𝑘1
2𝑘2

(𝑒𝑥𝑝[𝑘2(𝐼4 − 1)
2] + 𝑒𝑥𝑝[𝑘2(𝐼6 − 1)

2] − 2) 

 

Known:  

𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2                                                                   (4) 

𝐼2 = 𝜆1
2𝜆2
2 + 𝜆2

2𝜆3
2 + 𝜆3

2𝜆1
2                                                              (5) 

𝐼4 = 𝜆1
2 𝑐𝑜𝑠2 𝛼 + 𝜆2

2 𝑠𝑖𝑛2 𝛼                                                             (6) 

𝐼6 = (𝜆1
4 𝑐𝑜𝑠2 𝛼 + 𝜆2

4 𝑠𝑖𝑛2 𝛼) 𝑐𝑜𝑠 𝜃                                                      (7) 

𝑊𝑓𝑖𝑏𝑒𝑟𝑠 +𝑊𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 =
𝑘1
2𝑘2

(𝑒𝑥𝑝[𝑘2(𝜆1
2 − 1)2] + 𝑒𝑥𝑝[𝑘2] − 2) 
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𝜕𝑊

𝜕𝜆1
= 2𝑘1𝜆1(𝜆1

2 − 1) 𝑒𝑥𝑝[𝑘2(𝜆1
2 − 1)2] 

Where, 

- 𝛼 is the angle between the fiber-reinforced direction and stretching direction. So, 𝛼 is 

always zero in this work. 

- 𝜃 is the angle between the two fiber directions of the fiber matrix. Here, the fibers in 

matrix is orthogonal, hence 𝜃 is taken as 𝑝𝑖/2. 

Then: 

 𝐼4 = 𝜆1
2    and     𝐼6 = 0                                                           (8) 

The elastomer is considered as incompressible material due to larger shape deformation than 

change in volume [86], so  

𝜆1𝜆2𝜆3 = 1                                                                             (9) 

As stated in [87], we examined the state equations of the stresses in the membrane as  

𝑡𝑖 = 𝜆𝑖
𝜕𝑊(𝜆1, 𝜆2, 𝜆3)

𝜕𝜆𝑖
− 𝑝, 𝑖 = 1,2,3                                           (10) 

where 𝑝 is hydrostatic pressure which is determined by kinetic boundary conditions. For example, 

in uni-axially tensile state, the boundary condition is examined as l
2
= l

3
=1/ l

1
 and t

2
= t

3
= 0. 

{
  
 

  
 𝑡1 = 𝜆1

𝜕𝑊

𝜕𝜆1
− 𝑝

𝑡2 = 𝜆2
𝜕𝑊

𝜕𝜆2
− 𝑝 = 0

𝑡3 = 𝜆3
𝜕𝑊

𝜕𝜆3
− 𝑝 = 0
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⟺

{
 
 

 
 𝑡1 = 𝜆1

𝜕𝑊

𝜕𝜆1
− 𝑝

𝑡2,3 = 𝜆2,3
𝜕𝑊

𝜕𝜆1

𝑑𝜆1
𝑑𝜆2,3

− 𝑝 = 0

              (𝑓𝑜𝑟 𝑢𝑛𝑖 − 𝑎𝑥𝑖𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛: 𝜆1 = 𝑓(𝜆2,3) =
1

𝜆2,3
2 ) 

 

⟺

{
 
 
 

 
 
 

𝑡1 = 3𝜇𝐽𝑙𝑖𝑚

(𝜆1
2 − 1 𝜆1

⁄ )

[𝐽𝑙𝑖𝑚 − (𝜆1
2 + 𝜆2

2 + 𝜆3
2 − 3)]

+ 6𝑘1𝜆1
2(𝜆1

2 − 1) 𝑒𝑥𝑝[𝑘2(𝜆1
2 − 1)2]

𝑝 = −2{𝜇𝐽𝑙𝑖𝑚

(𝜆1
2 − 1 𝜆1

⁄ )

[𝐽𝑙𝑖𝑚 − (𝜆1
2 + 𝜆2

2 + 𝜆3
2 − 3)]

+ 6𝑘1𝜆1
2(𝜆1

2 − 1) 𝑒𝑥𝑝[𝑘2(𝜆1
2 − 1)2]}

𝑡2,3 = 0

 

 

(ii) Holzapfel model combined with Mooney-Rivlin model: 

Free strain energy W: 

𝑊 = 𝑊𝑒𝑙𝑎𝑠𝑡𝑜𝑚𝑒𝑟 +𝑊𝑓𝑖𝑏𝑒𝑟𝑠 +𝑊𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠                                     (11) 

With 

𝑊𝑒𝑙𝑎𝑠𝑡𝑜𝑚𝑒𝑟 = 𝐶10(𝐼1 − 3) + 𝐶01(𝐼2 − 3) +
1

𝐷1
(𝐽 − 1)2                                            (12) 

Ii is the i-th strain tensor invariant. D1 is a temperature-dependent material parameter that 

reflects material compressibility. J is the volume variation ratio. For nearly incompressible 

materials, such as rubber, the third term in Equation (6) is assumed to be zero with J=1. 

𝑊𝑒𝑙𝑎𝑠𝑡𝑜𝑚𝑒𝑟 = 𝐶10 (𝜆1
2 +

2

𝜆1
− 3) + 𝐶01 (2𝜆1 +

1

𝜆1
2 − 3) 
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𝜕𝑊

𝜕𝜆1
= 𝐶10 (2𝜆1 − 

2

𝜆1
2) + 𝐶01 (2 − 

2

𝜆1
3) 

 

𝑊𝑓𝑖𝑏𝑒𝑟𝑠 +𝑊𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 =
𝑘1
2𝑘2

∑{𝑒𝑥𝑝[−𝑘2(𝐼�̅� − 1)
2] − 1}

𝑖=4,6

                  (13) 

⟺

{
 
 

 
 𝑡1 = 𝜆1

𝜕𝑊

𝜕𝜆1
− 𝑝

𝑡2,3 = 𝜆2,3
𝜕𝑊

𝜕𝜆1

𝑑𝜆1
𝑑𝜆2,3

− 𝑝 = 0

              (𝑓𝑜𝑟 𝑢𝑛𝑖 − 𝑎𝑥𝑖𝑎𝑙 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛: 𝜆1 = 𝑓(𝜆2,3) =
1

𝜆2,3
2 ) 

 

⟺

{
 
 

 
 𝑡1 = 6𝐶10 (𝜆1

2 − 
1

𝜆1
) + 6𝐶01 (𝜆1 − 

1

𝜆1
2) + 6𝑘1𝜆1

2(𝜆1
2 − 1) 𝑒𝑥𝑝[𝑘2(𝜆1

2 − 1)2]

𝑝 = −4{𝐶10 (𝜆1
2 +

2

𝜆1
− 3) + 𝐶01 (2𝜆1 +

1

𝜆1
2 − 3) + 𝑘1𝜆1

2(𝜆1
2 − 1) 𝑒𝑥𝑝[𝑘2(𝜆1

2 − 1)2]}

𝑡2,3 = 0

 

 

 

The selection criteria for Mooney-Rivlin coefficients C10 and C01 for Ecoflex 0050 

Table 3.10. Coefficients C10 and C01 for Ecoflex 0050 found in literature. 

Material C10 (kPa) C01 (kPa) Ratio Reference 

Ecoflex 0050 2.68 0.10 27:1 [94] 

Ecoflex 0050 21.3628 10.4018 2:1 [95] 
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𝑡𝐸𝑙𝑎stomer (MR) = 6C10 (λ1
2 − 

1

λ1
) + 6C01 (λ1 − 

1

λ1
2) 

∂t

∂λ1
= 6C10 (1 + 

2

λ1
3) + 6C01 (2λ1 + 

1

λ1
2) 

Constraints on the stress: 

∂t

∂λ1
(t = 0) = 0, no energy is stored, if not loaded 

∂t

∂λ1
> 0 must be satisfied for increasing function 

∂t

∂λ1
= γ > 0 (γ = constant) 

The second derivative of the function must be positive too, otherwise the function is unstable. 

∂2t

∂λ1
2 = 6C10 (2 − 

2

λ1
3)
− 36C01

λ1
4 > 0 

For fitting the experimental curve for Ecoflex 0050, C10 and C01 were selected, such that the 

difference between derivative of the experimental curve at each point and the γ was minimized 

and γ > 0 was satisfied. 

The coefficients C10=15 kPa and C01=-11kPa were selected based on criteria described above. 

The results can be seen from Figure 3.12 below. 
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Figure 3.12. Choice of coefficients C10 and C01 for Ecoflex 0050: a) 1st derivative of stress and 

b) 2nd derivative of stress for Ecoflex 0050. 
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4 3D Printed Structure Reinforced Metamaterials: Beyond Natural 

Aorta’s Capacity to Regulate Blood Flow 

4.1  Introduction 

One of the current challenges of ex-vivo perfusion devices is to find a suitable material for the 

blood outlet tubing from the allograft which can play the same role as the ascending aorta from 

the left ventricle. Nowadays, plastic tubes found in the market are too rigid for the allograft. As a 

consequence, it may cause injuries to the heart at the junction, which results in scars formation in 

the left ventricle. Furthermore, these rigid structures are unable to replicate the Windkessel effect 

which is extremely relevant for the cardiovascular function. During systole, the aorta stores half 

of the left ventricular stroke volume. Then, during diastole, the elastic forces of the aortic wall 

forward the storage volume to the peripheral circulation, as can be seen in Figure 4.1c and Figure 

4.1d. As a result, there is a continuous blood pump through the body regardless of the pulses of 

the heart, so the coronary blood flow and the left ventricular relaxation is improved, and the 

afterload of the left ventricular is reduced [9]. As many biological tissues, the aorta presents a non-

linear strain-stiffening behavior, also known as ‘J-shaped´ behavior to fulfill its function, as can 

be seen in Figure 4.1a. The fiber-reinforced elastomer tube in Chapter 3 can provide solution up 

to this point by addressing the requirement of J-shaped and anisotropic behavior.  

Another challenge for the ex-vivo perfusion devices is to limits the peak pressure in aorta by 

expanding to accommodate a large stroke volume and thus achieve a steady-state condition 

regardless of the blood flow – including high blood pressure situations, which may happen more 

frequently in heart at unhealthy condition, such as ventricular tachycardia. The aorta substitute 

material is required to ensure that maximum aorta pressure does not rise above the maximum 
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systolic pressure to avoid counter flows that could seriously damage the donor heart as can be seen 

in Figure 4.1e. Such self-regulation at high blood pressure does not exist in natural aorta, nor in 

any naturally existing materials. For this study, an ideal strain-stiffening curve is built considering 

a the physiological range of the aorta which is from 30 to 120 mmHg (maximum systolic pressure 

is 120 mmHg) [96], [97]. Researchers have estimated that it corresponds to average wall stress 

from 20 and 100 kPa [97], [29], [28]. This curve is shown in Figure 4.1b.  Introducing compliance 

at 100kPa will allow aorta to expand to accommodate large stroke volume and will reduce wall 

stress, thus avoiding aortic stiffening and its negative consequences on the heart. 

 

Figure 4.1. Behavior of the human aorta and the desired stress-stiffening-softening behavior. (a) 

Stress-strain behavior for different sections of the human aorta, the physiological maximum 

systolic pressure is marked in red. (b) Stress-strain curve aimed with the metamaterial design, 

which will limit pressure above 100 kPa. (c) and (d) show the Windkessel effect of the human 
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aorta. (e) shows a backflow that could happen if the aorta becomes stiffer. (f) shows in dot lines 

the aimed behavior of the metamaterial atpeak pressure. 

Metamaterials are carefully structured materials that are composed of periodically arranged 

building blocks and display properties superior to their constituent materials. In the past two 

decades, metamaterials have been utilized to manipulate optical, acoustic and thermal fields to 

obtain unusual properties, such as a negative refraction index and resulted in new applications, 

such as perfect lenses [30]. Mechanical metamaterials represent a new branch of metamaterials 

research, where motion, deformations, stresses and mechanical energy are investigated. The meta-

atoms, building blocks of mechanical metamaterials, deform, rotate, buckle, fold and snap in 

response to applied mechanical forces and are designed to act together to yield a desired collective 

behavior. We hypothesize that by careful design of mechanical metamaterial, the desired stress-

hardening-softening behavior can be achieved. The recent advances in computer-aided design 

(CAD) and additive manufacturing allow for a rapid and low-cost fabrication of complex structures 

with a fine resolution [31], [32]. In the proposed study, we aim to use two additive manufacturing 

techniques, SLA and PolyJet 3D printing to produce custom-developed sine-wave based models 

encapsulated in soft polymer matrices to achieve a metamaterial with unique strain-stiffening-

softening property. 

The tuning of metamaterials for different applications have been achieved by changing the 

structures of the unit cells and, with them, their deformation mechanisms. Most research has been 

focused on microstructures configurations with straight ligament topologies and three main 

deformation mechanisms: re-entrant structures, chiral structures and rotating structures [32], [98]. 

Among them, honeycomb structures have been worldwide studied and some modifications to its 

structures have been made in order to gain stiffness. Ingrole et. al worked for the enhancement of 
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the in-plane strength in this structure [99]. This group tested with honeycomb and re-entrant 

honeycomb structures. First, they split the strut at both ends and then they combine this 

configuration in two hybrid arrangement with normal honeycombs cells. They studied the behavior 

of this structures under compression until its final collapse [99]. Li et. al worked in the comparison 

of honeycomb and re-entrant honeycomb as well as chiral truss and truss structures for energy 

absorption [100]. Florijn et. al studied the influence of some parameters in holar samples to tailor 

different applications [101]. 

Recent numerical and experimental studies indicate that curved microstructures can have improved 

stretchability. Chen et. al proposed the use of sinusoidal-based metamaterials for tuning its 

vibrational control capability, in their studied they included a comparison with other straight-beam 

structures: hexagonal, kagome, square and triangular ones. They concluded that the sinusoidal-

based metamaterials switch from bending-dominated behavior to stretching-dominated behavior 

under tension, while the straight beams structures do not. As a result, the tuning of the Poisson’s 

ratio, even from negative to positive is possible [98]. Rafsanjani et. al exploit the mechanical 

instability of sine wave forms for metamaterial creation, here, they realized that when the snap 

occurs, the increment of the stiffness becomes negative and that different behaviors can be 

achieved by tuning the amplitude of the sine wave used [56]. Clausen et. al used direct ink writing 

(DIW) for the creation of nine topologies with different Poisson’s ratio from -0.8 and 0.8 [102].  

Metamaterials can be applied to different fields, among them, mimicking of soft tissues behavior 

is an active field that many research groups are currently competing. Wang et. al used dual-material 

3D printed metamaterials with micro-structured reinforcement embedded in soft polymeric matrix 

mimicking the strain-stiffening behavior. They are investigating the complex influence of design 

parameters from sinusoidal waves and double helix structures in the strain-stiffening behavior, 
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which has been reached for a range of 0% to 8% [31]. This group has previously worked on 

mimicking the aorta behavior showing that textiles encapsulated in polydimethylsiloxane (PDMS) 

can achieve the strain-stiffening curve. 

In this study, tuning the wavelength of orthogonally arranged sine-wave based structures was 

proposed to tailor the mechanical properties of metamaterials. Two additive manufacturing 

techniques, SLA and PolyJet 3D printing, were used to print metamaterials that were further 

encapsulated in soft polymer matrices.  

While the project is unfinished during my MSc years, I comprised a thorough review covering 

design criteria and fabrication strategies of the strain-stiffening-softening metamaterial, followed 

by a few of my original experimental trials. 

(1) A design criterion for novel strain-stiffening-softening metamaterial is suggested with a 

critical review on the subjects of 3D printed metamaterials and their elastomeric 

composites.  

(2) Our preliminary results for the strain-stiffening-softening material development are 

introduced.  

 

4.2  Literature review of 3D printed metamaterials 

4.2.1 Advantages of metamaterial composites 

The distinct shared property of animal armors, such as fish scales, lobster claws, and abalone nacre, 

which are capable of stopping crack propagation, deflecting cracks, or bridging gaps made by 

cracks, is that they are composed of rigid plates connected to the body and to themselves by 
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collagen fibers/mussels [103]. Nature inspires the design of reinforced mechanics for flexible body 

armor and recent advancement in 3D-printing technology allows for building complicated 

bioinspired structures [104], [105]. Consequently, the 3D-printed mechanics reinforced structures 

can be designed based on the mechanics of the natural biological systems [106]. 

Composite materials with carefully designed structures and compositions possess improved 

properties when compared with the individual constituent materials. In a two-phase composite, 

each component phase can contribute its own properties in an independent manner to the overall 

performance of the composites synergistically [100]. For example, composite materials with 

auxetic lattice structures used as the reinforcements and the nearly incompressible soft material as 

a matrix have great potential in achieving prominent mechanical properties. Previous studies have 

suggested that auxetic materials with a negative Poisson's ratio have better indentation resistance, 

impact shielding capability, and enhanced toughness [100]. In theory, by harnessing negative 

Poisson's ratio effect of the auxetic reinforcement, the soft matrix experiences biaxial or triaxial 

compression leading to a synergistic improvement in the mechanical response. This coupled 

geometry and material design concept can be enabled by the state-of-the-art additive 

manufacturing technique [100].  

Li T et al. has compared auxetic lattice and auxetic lattice reinforced composites by fabricating 

composites from glassy polymer lattice and rubber-like polymer matrix [100]. They have 

concluded the mutual constraints between two phases of the auxetic lattice reinforced composites 

enable enhanced stress resistance by additional support of the matrix phase to the lattice phase, 

which was not observed for non-auxetic reinforced composites [100]. These results suggest the 

possibility to tailor the properties of reinforcing metamaterial and the soft matrix to achieve the 

desired stress-softening mechanical behavior. 
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4.2.2 Tuning properties of metamaterials 

First step in developing metamaterial composite with desired mechanical behavior is to design the 

structure of reinforcing metamaterial. Milton and Cherkaev showed that metamaterials with any 

form of elastic tensor can be designed with architectures of ordinary elastic materials [107]. Thus, 

careful design of architecture can lead to any desired mechanical property. Architecting materials 

induces heterogeneity of stresses and deformations, which results in breakdown of the affine 

assumption, where deformations are supposed to be uniform, as in a homogeneous rubber sample 

[108]. For instance, in auxetic metamaterials the global response of the material is entirely different 

from the local behavior of its constituents due to localization of deformations at the hinges. Thus, 

tuning of the material geometry enables design of variety of specific bulk elastic properties. Minor 

changes in the geometry of networks cause qualitatively different deformations and elastic 

properties, which demonstrates rich and complex relations between the architecture and collective 

properties [30]. 

4.2.3 3D printing as a rapid manufacturing tool 

Conventional fabrication techniques of composites such as molding, casting and machining create 

products with complex geometry through material removal processes [109], [110] While the 

manufacturing process and performance of composites in these methods are well-controlled and 

understood, the ability to control the complex internal structure is limited. 3D printing is able to 

fabricate complex composite structures without the typical waste. The size and geometry of 

composites can be precisely controlled with the help of computer aided design. Thus, 3D printing 

of composites attains an excellent combination of process flexibility and high-performance 

products [110]. Additive manufacturing (three-dimensional (3D) printing) has created new 



99 

 

opportunities for manipulating and mimicking the intrinsically multiscale, multimaterial, and 

multifunctional structures in nature. Recent progress in additive manufacturing, especially the 

ability to print multiple materials at upper micrometer resolution, has given researchers an 

excellent instrument to design and reconstruct natural-inspired materials. The most advanced 3D-

printer can now be used to manufacture samples to emulate their geometry and material 

composition with high fidelity [105]. Its capabilities, in combination with computational modeling, 

have provided us even more opportunities for designing, optimizing, and testing the function of 

composite materials, in order to achieve composites of high mechanical resilience and reliability.  

According to the American Society for Testing and Materials, there are over 50 different AM 

technologies [106]. A number of mature AM technologies have been successfully commercialized 

such as fused deposition modeling (FDM), direct ink writing (DIW), selective laser sintering, 

stereolithography (SLA), powder bed inkjet 3D printing (inkjet 3D), two-photon polymerization, 

laminated object manufacturing, and their variants such as multijet printing (MJP) and selective 

laser melting (Figure 4.2) [106]. 

In the following review sections 4.2.4 – 4.2.6, information about existing 3D printing technologies 

used to mimic biological architectures and functions will be presented. First, single material 

printing will be discussed, followed by multimaterial printing. Furthermore, the limitations of 3D-

printing will be pointed out, and possible future developments will be suggested. Finally, 

applications of 3D printed metamaterials will be presented. 
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Figure 4.2. Integration of 3D printing with biomimicry, and the inset shows the categories of 3D-

printing technology. Reproduced with permission from [106]. 

4.2.4 Single material printing 

The single material used in 3D-printed bioinspired structures includes polymer, metal, graphene 

and other materials. In addition to the printing material itself, the biomimetic structural design 

plays a crucial role in mechanical property of final product. Figure 4.3 presents bioinspired 

mechanics reinforced 3D-printing structures with single material found in literature. Using two-

beam super resolution lithography, biomimetic nanostructures inspired from butterfly wings were 

fabricated by Gan et al. [111]. By using an aerosol jet 3D printer, micro-scaffolds with lattice 

shapes, such as trusses, donut-shaped pillars, spirals, and accordion-like electronic connections 

were built by Saleh et al. (Figure 4.3f) [112]. In the macroscale, 3D-printed armor inspired by fish 

scale was studied due to its flexibility and high impact resistance by Song et al. (Figure 4.3b) [113].  
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Figure 4.3. Bioinspired mechanics reinforced 3D-printing structures with single material [106]. a) 

Butterfly wings inspired strong gyroid nanostructures with high modulus [111]. b) 3D-printed 

prototypes of two lateral plates. Reproduced with permission [113]. c) Schematics of different 

scaled skin designs and their puncture performances. Reproduced with permission [104]. d) Digital 

images and stress distribution of natural and 3D-printed patelliform shell and Turritella shell. 

Reproduced with permission [114]. e) Different atomistic and 3D-printed models of gyroid 

geometry for mechanical tests [115]. f) Desert Rose and the 3D buildup of nanoparticles by 

pointwise printing to realize microarchitectures [112]. g) Spider web in nature and 3D-printed web. 

Reproduced with permission [116]. h) Examples of sutured interfaces in red-bellied woodpecker 

and experiments on the jigsaw interlocked tabs [117]. Reproduced with permission from [106]. 
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Figure 4.4. Differences between printing technologies. Reproduced with permission from  [118]. 

Five common 3D printing technologies are typically used for single material printing, namely 

fused deposition modeling (FDM), direct ink writing (DIW), selective laser sintering, inkjet 3D 

printing (inkjet 3D), stereolithography (SLA). The working principles of this technologies are 

presented in Figure 4.4. 

Fused Deposition Modelling (FDM). Fused deposition modeling (FDM) is a vastly used technique 

for 3D-printing that typically deposits semi-molten thermoplastic in consecutive layers to form 3D 

structure using heat [105]. Using this technique Tiwary et al. has printed the models of seashells 

with two natural shapes, one responsible for diametrically converging localization of stresses 

(Bivalves) and another one for helicoidally concentric localization of stresses (Terebridae) (Figure 

4.3d) [114]. The results suggest that complex shapes are capable of sustaining loads twice as high 

as those based on simple shapes. 
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Direct ink writing (DIW). Similar to the fused deposition modeling method, direct ink writing is 

an extrusion-based technique that produces continuous filament material through a syringe nozzle, 

which is solidifies through chemical or physical mechanism after deposition in a printing tray 

(Figure 4.5a). DIW benefits from inexpensive hardware and opensource software already 

developed for fused deposition modeling together with affordable and disposable nozzles that help 

tolerate particle clogging. The main requirement for successful direct ink writing is formulation of 

inks with optimal rheological behavior that enables easy flow under applied shear stress during 

extrusion and simultaneously shows enough elasticity to prevent flow and deformation of the 

deposited material when shearing ends [119]. Compton and Lewis [120] have employed the ability 

of DIW to easily print particle loaded materials to fabricate cellular structures that mimic natural 

composite balsa (Figure 4.5). Two key features were replicated: the lightweight cellular 

architecture and the reinforcement of the walls of the cellular structure with stiff fibers. Figure 

4.5c. displays various polymer-based cellular structures with different cell designs printed by DIW. 

Inkjet printing. Inkjet printing that utilizes powder binding technique, was originally developed 

for 2D applications and has been later adapted to use in 3D printing. In 3D inkjet printing, a layer 

of powder is evenly placed on a stage and the desired surface of solidification is sprayed by 

droplets of binding agent [105]. The unbound powder is then released and the process is repeated 

for the following layer. The inkjet printing offers the advantage of using powders of diverse 

materials to construct a heterogeneous 3D model. However, the use of toxic glues in the process 

limit the medical applications [105]. 
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Figure 4.5. Direct ink writing (DIW) of cellular composites reinforced with stiff fibers and 

whiskers: (a) optical image showing the 3D printing of a triangular cellular structure, (b) 

schematics depicting the alignment of anisotropic particles due to shear at the dispensing nozzle, 

(c) examples of SiC-reinforced epoxy composites with cellular architectures of different 

geometries (scale bars, 2 mm), (d) rheological behavior of the epoxy-based inks used in (c). 

Reproduced with permission from [121]. 

Selective Laser Sintering (SLS). Alternatively, SLS utilizes high-power lasers to bound polymer 

powders together instead of toxic binding agents used inkjet printing. Due to constant heating and 

cooling effects from the laser, objects assembled using SLS often undergo deformation that 

reduces the precision of the printer and subsequently the applications of printed materials in areas 

that need high resolution, such as electronic chips and biomedical implants [105]. 
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Stereolithography (SLA). In SLA, the shape of 3D object is traced by ultraviolet (UV) laser by 

focusing on a tank that is filled with liquid photopolymer. The curing of photoresin and 

solidification into desired 3D object is attained upon contact with UV radiation. The SLA 

possesses significant material limitation as only one resin can be used at a time and the 

photocurable resins used are either epoxy-based or acrylic. The resulting object is typically brittle 

and experiences shrinking upon polymerization [105]. 

The limitations that exist for various additive manufacturing techniques can be categorized by 

resolution, cost and material as summarized in Table 4.1. 

Table 4.1. A summary of rapid prototyping techniques [110]. 

 

4.2.5 Multimaterial printing 

Most biological systems are typically composed of nonmineralized “soft” structures and 

mineralized “hard” structures, which are composites of minerals and fibrous organic polymers 

[106]. Single material is therefore not capable of fully mimicking the biological materials and 

multimaterial structures need to be investigated.  

PolyJet 3D printing. Multimaterial 3D printer (by Stratasys) with its PolyJet technology offers 

numerous advantages, such as (1) printing complex geometries at micrometer resolution, (2) 
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printing multiple materials with diverse mechanical properties, (3) inexpensive printing at a large-

scale, and (4) good interfacial adhesion between constituent materials [105]. The method includes 

dispensing droplets of liquid monomers or oligomers that are polymerized upon UV radiation after 

deposition onto a build tray (Figure 4.6a). During the printing, the material of interest is supported 

by additional support material, which is removed upon washing and cleaning. Polyjet printing 

creates opportunity for local compositional control due to the possibility of adjustment of the 

relative fraction of printed droplets. Such flexibility allows for manufacturing of heterogeneous 

materials constituting individual voxels with controlled composition and properties [121]. 

The advanced capabilities of multi-material ink jet printing has been recently employed to produce 

stiff and flexible protective armors replicating exoskeleton of ancient fish, [122] self-shaping 

cellular structures similar to morphing natural seedpods [123], a combustion-powered soft robot, 

[124] flexible biomimetic shark skin with engineered surface roughness [125] and numerous 

structural materials mimicking the design of bone and biogenic calcite [126], [127] (Figure 4.6b-

f). Using a multimaterial printer, Dimas et al. have studied typical bone-like biological composite, 

with a stiff and compliant phase and compared their computational model to experimental testing 

on 3D-printed samples [126]. They have found out that specific topological arrangements cause 

significant stress and strain delocalization in their 3D-printed system. In addition, they 

demonstrated that constituent materials in the printed composites possess strong interfacial 

adhesion that prevents failure at the interface, which proves outstanding potential of Polyjet 3D 

printing technology. Mirzaeifar et al. furthered the work to study defect tolerance of similar bio-

inspired topologies with different classes of hierarchical structures [128] using multimaterial 3D-

printing. The study established that composites with more hierarchical levels dramatically improve 

the defect tolerance of the material.  
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Figure 4.6. PolyJet 3D printing technology and bioinspired composites obtained using its multi-

material capabilities [121]: (a) schematics of the hardware used in the PolyJet technology, (b) 

printed composite inspired by armored scale-jacket system of an ancient fish [122], (c) bioinspired 

structural motifs printed using a combination of soft and hard polymers (left) and a photograph of 

a bone-like 3D printed composite (right, typical width 6 cm) [126], [127], (d) periodic honeycomb 

structures inspired by the actuation mechanism of plants before (left) and after (right) swelling in 

a solvent [123], (e) 3D printed membrane comprising rigid denticles on a flexible substrate to 

mimic shark skin (each denticle 1.5 mm) [125], (f) combustion-propelled soft robots exhibiting 

intact, graded or broken, rigid top structures (left and right, respectively) [124]. Reproduced with 

permission from [121]. 
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Figure 4.7. Bioinspired mechanics reinforced 3D-printing structures with multimaterials [106]. a) 

Allowable motions between 3D-printed adjacent scales and the printed armor on human body 

[129]. b) Fish scale inspired 3D-printed specimen at initial bending and finite bending [130]. c) 

3D-printed actuated composites with different lamination angles and shear strain distributions with 

FE simulations [131]. d) An illustration of the 3D-printed biomimetic system deformation under 

bending in two opposite directions and curvature response with various overlap ratios [132]. e) 

Macroscale 3D-printed and molded synthetic fish scale [133]. f) Bioinspired composites with 3D 

printing and proceed to test the synthesized specimens [126]. g) 3D-printed nacre-like composite 

prototypes of different shapes.] [134] h) Comparison of Crack propagation of printed samples with 

and without mineral bridges [135]. i) 3D-printed nacre inspired sample and quarter geometry of 

the nacre-like design in simulation [136]. j) Conch-shell-inspired structure fabricated via 

multimaterial 3D printing [137]. k) Nacre-inspired sample fabricated by multimaterial 3D printing 

and under mechanical test [138]. Reproduced with permission from [106]. 



109 

 

Figure 4.7 presents more bioinspired composites obtained using its multi-material capabilities of 

PolyJet 3D printing technology are presented. Despite that unique voxel-based feature of 

multimaterial printing enables fabrication of complex structures, this additive manufacturing 

method is unable to deposite inks loaded with high volume fractions of particles due to costly and 

delicate nature of the dispensing system, making particle clogging a major issue. This also limits 

the exploration of new material formulations. Because biological systems often contain anisotropic 

particles, multimaterial printing would benefit from possibility of using particle-loaded 

formulations. 

Field-Assisted 3D Printing. Many biological systems are made of mineralized composites that are 

responsible for strong mechanical properties. These composites consist of a mineral reinforcement 

phase, such as hydroxyapatite, calcium carbonate, or silica, embedded in a biopolymer matrix, 

such as collagen or chitin. With evolution of 3D printing from single material to multimaterials, 

the addition of microfillers (ceramic platelets and microfibers) and nanofillers (carbon nanotubes, 

graphene) has been introduced to reinforce the 3D-printed structures [120], [139]. In addition, 

combination of shear force, electrical-field, and magnetic-field-assisted methods with 3D printing 

have been developed to achieve the anisotropic mechanical properties by controlled filler 

alignment to further mimic biological structures [106]. These “field-assisted 3D printing” methods 

are discussed in the following sections. 

Multimaterial magnetically assisted 3D printing (MM-3D printing). Recently, Kokkinis et al. has 

applied magnetic manipulation of anisotropic particles in a direct ink writing (DIW) method to 

fabricate 3D composite architectures that incorporate particle orientation control and multi-

material features [140]. In the novel technology referred as multimaterial magnetically assisted 3D 

printing (MM-3D printing), multiple materials can be printed by loading distinct syringes with 
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different monomer composition and particle concentration inks (Figure 4.8a). By incorporating 

ultrahigh magnetic response (UHMR) particles into the DIW ink and fitting extrusion-based 

printer with a magnet or electromagnetic coils, magnetic control can be achieved [121]. Printing 

of 3D objects using MM-3D printing requires two sets of inks: a low viscosity “texturing ink” 

loaded with UHMR particles to achieve local orientation control, and “shaping ink” loaded with a 

rheological modifier to prevent the geometrical distortion of deposited filaments (Figure 4.8b) 

[140], [121]. 

 

Figure 4.8. MM-3D printing technology and printed composite architecture [121]: (a) DIW setup 

equipped with a magnet and multiple cartridges (left), workflow of the magnetically-assisted 

printing process (right), (b) biaxial magnetic alignment of ultrahigh magnetic response (UHMR) 

platelets suspended in a texturing ink, (c) shape of overhangs obtained with a shaping ink 
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containing different concentrations of a rheology modifier (left), the rheological response required 

to generate distortion-free filaments (right), (d) MM-3D printed object with internal helicoidal 

staircase made by controlling the distribution and local orientation of stiff platelets. Scale bar, 5 

mm, (e) Detailed features of the top (upper images) and the bottom (lower images) of the printed 

object [140]. Reproduced with permission from [121]. 

Although magnetically assisted direct ink writing and stereolithography approaches allow design 

of composite particle architecture at the individual voxel level, current technology is limited to 

low concentration of particles that can be loaded in the monomers (15 vol%) due to clogging issues 

inside the nozzle or resin bath. In extrusion-based processes, a low-shear viscosity ink (lower than 

103 Pa s) is required [140], while stereolithographic processes necessitate even lower viscosity to 

ensure resin spreading. High particle concentrations inevitably raise the viscosity level above these 

upper limits.  

4.2.6 Limitations of additive manufacturing techniques 

Material. A universal limitation of 3D printing technologies is diversity of printing materials. 

Currently, only a limited number of polymers, such as thermoplastic polymers with low glass 

transition temperature and suitable melting viscosity, powder materials and several 

photopolymers, metals, and ceramics could be used in 3D printing [105], [110]. Moreover, most 

manufacturers require their proprietary materials only to be used in the printer. Thus, for printing 

materials with complex structures and superior properties, the diversity of materials must increase. 

Precision. The precision of the printers, namely the ability to combine printing on nanoscale, 

microscale and macroscale is another limitation. For instance, printing methods, such as two-

photon polymerization or inkjet printing can build materials with small features on the nanoscale 

but cannot be used to print large structures. Alternatively, printers that build that macro-objects 
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are unable to print smaller ones. Development of versatile printer that combines printing of smaller 

and larger features with high resolution could further diversify applications of 3D printing [141], 

[142] [105]. 

Performance. Although 3D printing allows for design of complex objects, printed materials 

usually suffer from low mechanical strength and require additional post-treatment steps that further 

increase the cost and processing time. Print defects, imperfections and cracks typically act as 

catalyst for material failure due to stress concentrations around cracks and imperfections [127]. In 

multimaterial printing, low mechanical strength mainly arises from the presence of voids in printed 

parts due to poor interfacial bonding with matrix [110]. Furthermore, 3D printing lacks the 

repeatability and consistency of manufactured parts [110]. Therefore, further improvements of 

print quality, microstructure of individual layers, interfacial bonding between matrix and 

reinforcement are required. 

Printing time. Many printers require long printing times, which hinders printing of large parts and 

limits large-scale applications of printing technology. Development of scalable and fast processing 

printing technologies is needed [110]. 

Support material. Many printers use support material to fill voids in complex designs, which are 

difficult to remove after printing and can damage to the printed structure upon removal. Design of 

more advanced support materials or improved methods for easy support removal will be beneficial, 

particularly in the microfluidics fields, where channels without support material are required [142], 

[105]. 
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4.3  Materials and Methodology 

Based on the literature review, two manufacturing methods, SLA and PolyJet 3D printing, were 

selected for this study to develop mechanical materials with the desired behavior. SLA printer has 

a Flexible Resin, which has favorable stiffness range and allows for wide choice of encapsulation 

matrix. The printed metamaterial can be further molded with any elastomer. The PolyJet printer 

on the other hand allows for multimaterial printing, which eliminates the need for molding and 

delamination problem, but limits the choice of matrix material. Both techniques have advantages 

and drawbacks and thus were selected in this study for comparison.  

 

Figure 4.9. Materials and methods used for the study. Stretch ribbon model printed with SLA in 

(a) elastic resins and (b) flexible resin. (c) Schematic showing the encapsulation perform with 

polymer matrix. Stretch ribbon model encapsulated in (d) Ecoflex 00-50, (e) Sylgard 184 and (f) 

ShinEtsu SES-22330-20. (g) Stretch ribbon model printed with multi-material manufacturing 

technique. 
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4.3.1 CAD designs 

Autodesk Inventor and Solidworks were used for the design of metamaterials. The samples were 

built by drawing the hollow part as unit cell designs and doing a cut through the base of 1 mm. 

The samples based on straight beams and circle models are shown in Figure 4.10. The circles with 

different sizes have radius of 4 mm and 2 mm, with a separation between center points of 5 mm. 

The other circled pattern, shown in Figure 4.10b, has circles of 5 mm of radius and a separation of 

6 mm between center points. The re-entrant honeycombs, shown in Figure 4.10d, are based on a 

square of 7 mm x 4 mm and the distance between entrances is of 1 mm. 

Figure 4.11 shows models of samples based on curved beams. Figure 4.11 a, b, d were based on 

rectangles from no more than 6 mm x 3 mm that were later shaped with lines created using fillet 

tool and arcs. Figure 4.11c and Figure 4.11e were created using sine waves. In the case of Figure 

4.11c, four sine waves with the formula 𝑦(𝑥) = 1 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥
𝑥

1.2
 𝑚𝑚), where 0  𝑚𝑚 <

𝑥 < 3.768 𝑚𝑚, were connected to form a close loop. In the case of Figure 4.11e, a continuous 

wave with the formula 𝑦(𝑥) = 3 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥
𝑥

3
 𝑚𝑚), where −50  𝑚𝑚 < 𝑥 < 50 𝑚𝑚. 

These sine waves are connected by a beam of 0.942 mm from thickness. For the simplicity of the 

design, every beam has the same thickness. The design principles from Figure 4.10 and Figure 

4.11 are based on the literature [56], [99], [100], [101], [102]. 

Figure 4.12 shows the design created in this work. For these samples, the equation of the sine wave 

across the x-axis was maintained constant 𝑦(𝑥) = 1 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥
𝑥

1.2
 𝑚𝑚), while the y-

axis function presents sine wave equations with different wavelength. For this, two parameters, 

shown in the general parametric formula Equation (4.1), are established: 𝑙 and 𝑡𝑚𝑎𝑥. 𝑙 is used to 

change de wavelength and 𝑡𝑚𝑎𝑥 establishes the length of the wave for a unit cell.   
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𝑥(𝑡) = 1 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥
𝑡

𝑙
 𝑚𝑚) 

𝑦(𝑡) = 𝑡 mm 

0 𝑚𝑚 < 𝑡 <  𝑡𝑚𝑎𝑥 𝑚𝑚 

(4.1) 

 

In the case of Figure 4.12a, the parametric function for drawing the y-axis function is 𝑥(𝑡) =

1 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥
𝑡

0.4
 𝑚𝑚), 𝑦(𝑡) = 𝑡 𝑚𝑚, where 0 𝑚𝑚 < 𝑡 < 6.283 𝑚𝑚.  After that, this 

function is mirrored on an axis over the y-direction in the center of the unit cell. Figure 4.12b has 

a similar structure, but the parametric function is 𝑥(𝑡) = 1 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥
𝑡

0.6
 𝑚𝑚), where 

0 𝑚𝑚 < 𝑡 < 5.655 𝑚𝑚, which gives a larger wavelength to the unit cell. In these two cases, the 

sine waves in the x-direction have a difference in phases of 1.2π. In the other hand, Figure 4.12c 

shows a structure in which the sine waves in the x-axis do not present any change in phases and 

the function in the y-axis, even though is the same as in Figure 4.12b, its range is 0 𝑚𝑚 < 𝑡 <

3.768 𝑚𝑚. All these parameters are summarized in Table 4.2 

Table 4.2. Parametric equations used for the designs of samples created by the author. 

Model Parametric equation Range of t 

Model 0.4 
1 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥

𝑡

0.4
 𝑚𝑚) 

𝑦(𝑡) = 𝑡 𝑚𝑚 

0 𝑚𝑚 < 𝑡 < 6.283 𝑚𝑚 

Model 0.6 
1 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥

𝑡

0.6
 𝑚𝑚) 

𝑦(𝑡) = 𝑡 𝑚𝑚 

0 𝑚𝑚 < 𝑡 < 5.655 𝑚𝑚 

Model E 
1 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥

𝑡

0.6
 𝑚𝑚) 

𝑦(𝑡) = 𝑡 𝑚𝑚 

0 𝑚𝑚 < 𝑡 < 3.768 𝑚𝑚 

 

In order to mimic the form of the aorta, tubular structures were also design with an outer diameter 

of 19.05 mm, a thickness of 1 mm and a length of 140 mm. The bone form was used as unit cell 

for this structure, as can be seen in Figure 4.14. 
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4.3.2 SLA manufacturing 

The CAD designs were printed using Form2 from FormLabs in two different resins shown in 

Figure 4.9 (a) and (b): elastic resin and flexible resin. The first one has a white-transparent color 

while the second one is characterized by a gray color. All the printings were done with a horizontal 

orientation in theto PreForm, the Formlabs print preparation software. After printing, the print is 

washed in a sonicating bath with isopropanol (IPA) for 10 minutes and left to air dry. After drying, 

the print was UV cured (UV Cleaner Model N°342) for 15 minutes, flipping halfway through. 

When the material is stiff enough, the supports are trimmed with scissors and nail trimmers. 

As was reported in literature [16], [24], an encapsulation in a soft matrix helped stiff structures to 

obtain an strain-stiffening behavior. In this work, the encapsulation was done using silicone 

elastomers Sylgard 184, ShinEtsu SES-22330-10 ShinEtsu SES-22330-20 and Ecoflex 00-30 and 

Ecoflex 00-50 in the configuration shown in Figure 4.1c. In the case of Sylgard 184, the base and 

the curing agent was mixed on a ratio of 10:1 and de-aerated after that. When the air bubbles were 

totally removed, one layer was applied by hand over a glass surface using acrylic molds, over it 

the structure was placed and then another layer of the elastomer was poured. The samples were 

left for drying overnight. The same procedure was used for the Ecoflex 00-30 and Ecoflex 00-50, 

the last one with a mixing ratio of 1:1. 

4.3.3 Multi-material manufacturing 

The CAD designs were used for creating assemblies, shown in Figure 4.9g, for printing using 

mixtures of two materials with Stratasys J750. With this configuration, the metamaterial structure 

was printed from a stiffer material than the matrix encapsulating it. The resins used were VeroCyan 

(stiff) and Agilus30Clear (flexible) and their combination on the samples are summarized on Table 
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4.3. To print with multiple materials on Stratasys J750, the CAD design needs to be an assembly 

with different parts for different materials. The metamaterial reinforcement (middle layer) is 

printed with a stiffer material, andthe surrounding matrix (inner and outer layers) is printed with 

more flexible material. The supports are dissolvable in a 2% solution of Sodium Hydroxide. The 

reinforcement has a thickness of 1mm, while the inner and outer matrices have a thickness of 

0.5mm each. 

Table 4.3. Concentrations of resins for different printed models using Stratasys printer. 

Sample Model Metamaterial 

structure 

Metamaterial structure 

resin 

Matrix resin 

1 Tubular Bone form 70% VeryCyan with 30% 

Agilus30Clear 

Pure Agilus30Clear 

2 Planar Stretch ribbon 70% VeryCyan with 30% 

Agilus30Clear 

Pure Agilus30Clear 

3 Planar Stretch ribbon 70% VeroBlackPlus with 

30% Agilus30Clear 

40% VeroBlackPlus with 

30% Agilus30Clear 

 

The models were designed with three layers. The encapsulation was done with a thickness of 0.5 

mm, while the metamaterial structure was designed with 1 mm of thickness. 

 

Figure 4.10. Designed unit cells for the samples based on straight beams and circles. (a) Circles 

of different sizes (radiuses 4mm and 2 mm, distance between center points 5 mm), (b), circles with 

radius of 5 mm and distance between center points of 6 mm [101]  (c) honeycomb, (d) re-entrant 

honeycomb [100]. The re-entrant honeycombs are based on a square of 7 mm x 4 mm and the 

distance between entrances is of 1 mm. All samples have a thickness of 1mm. 
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Figure 4.11. Designed unit cells for the samples based on curved beams. (a) Stretch ribbon form 

inspired in Clausen et. al model from -0.2 Poisson’s ratio. (b) Ribbon form inspired in Clausen et. 

al model from -0.4 Poisson’s ratio. (c) Eight-form inspired in Clausen et. al model from -0.6 

Poisson’s ratio. (d) Bone form inspired in Clausen et. al model from -0.8 Poisson’s ratio [102].  (e) 

Sine wave form inspired in Rafsanjani et. al model [56]. All samples have a thickness of 1mm. (a), 

(b), (d) were based on rectangles from no more than 6 mm x 3 mm that were later shaped with 

lines created using fillet tool and arcs. (c) and (e) were created using sine waves. In (c), four sine 

waves with the formula 𝑦(𝑥) = 1 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥
𝑥

1.2
 𝑚𝑚), where 0  mm<x<3.768 mm, were 

connected to form a close loop. In (e), a continuous wave with the formula 𝑦(𝑥) =

3 𝑚𝑚 𝑥 𝑠𝑖𝑛 (1 𝑟𝑎𝑑 𝑥
𝑥

3
 𝑚𝑚), where -50  mm<x<50 mm. These sine waves are connected by a 

beam of 0.942 mm from thickness.  

 

 

 

Figure 4.12. Designed unit cells for the samples based on curved beams created by the author: (a) 

model 0.4 (b) model 0.6 and (c) model E. Dimensions are shown in Table 4.2. 
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Figure 4.13. Different orientations of hexagonal structure used for tensile test: (a) direction 1 

and (b) direction 2. 

 

Figure 4.14. Bone form inspired in Clausen et. al model from -0.8 Poisson’s ratio in a tubular 

structure [102] (a) CAD model, (b) printed sample with Stratasys, (c) top view of structure.  

4.3.4 Tension test 

In order to test the strain-stress behavior of the samples made, uniaxial test using 5943 Instron 

Tensile Test with a rate of extension of 10 mm/min. In the case of the hexagon samples shown in 

Figure 4.10c the tension test was done in two directions. As can be seen in Figure 4.13, the 

direction 1 has the corners with the smallest angle in the top and bottom of the structure, while 

direction 2 has these corners at the sides of the structures. 
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4.4  Results and discussion 

In the  SLA manufacturing, two resins were compared: elastic and flexible resins. The elastic one 

is softer than the flexible one, and as a result, it is easily bent and difficult to print. This material 

was not considered suitable for the application as it does not provide reinforcement due to very 

low modulus. Therefore, only flexible resin was used for SLA printing.  

The results of the test done with the structures based on straight beams and circle hollow parts are 

shown in Figure 4.15. As seen from Figure 4.15, the structures without an encapsulation showed 

an approximately linear behavior. Circular structures break faster, followed by the hexagonal 

structure that was tested in the direction 1. The circular structures break easily because the structure 

was not able to deform upon tension. In order to avoid this, either less space between circles should 

be placed or the structure material must change. Due to the limitations in materials and focus of 

this study, these approaches were not explored. The re-entrant honeycomb structure and the 

hexagonal one tested in direction 2 could deform upon less stress and then broke. This type of 

behavior is different from the one this study aimed to achieved, however, this test revealed one 

problem. The encapsulation in Ecoflex 00-30 presented delamination due to the poor attachment 

of the structure to it. As a result, upon the break of the first beams of the structure, the out-of-plane 

broken beams started damaging the polymer matrix, as can be seen in Figure 4.15 (c). The Ecoflex 

could endure the strain four times more than the structure itself. However, as the metamaterial 

structure had the defects prior to testing, the properties may differ. The breaking of the beams can 

be seen from Figure 4.15 (b). Even though these samples were of interest in this study, they did 

not show a strain-stiffening behavior. Curved beams structure showed to be promising for to 

reduce stress concentrations and improve stretchability, therefore, this study focused on curved 

beam structures [56], [98], [102]. 
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Figure 4.15. Tension test results of the samples with straight beams based on literature. (a) Stress 

vs. strain plot of structures without encapsulation. (b) Stress vs. strain plots of structures with 

Ecoflex 00-50 encapsulation. (c) Tension test for the re-entrant honeycomb structure encapsulated 

with Ecoflex 00-50. Delamination and early break of the beams of the metamaterial structure is 

seen. 

The same procedure was used to evaluate the behavior of the curved beams samples. As can be 

seen in Figure 4.16, the behavior is strain-stiffening, however, the stress measured for a specific 

strain was lower than the one expected from an aorta, this was caused by a breakdown of the 

Instron machine in the time of the test. This is also the reason for high noise present in the resulting 

data. Moreover, the metamaterial structures give interesting mechanical properties due to 

unfolding of the beam structures (Figure 4.16d) during tension. In the case of the Ecoflex 00-50 

encapsulation (Figure 4.16b), the strain-stiffening-softening behavior was absent due to the 

restriction of mobility of the metamaterial structure inside the polymer matrix. Thus, a more linear 

curve can be seen in Figure 4.16b. In the case of Sylgard 184 encapsulation, the matrix teared 
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before the structure. Hence, the beams could unfold upon the strain and the strain-stiffening-

softeningbehavior can be seen (Figure 4.16c).  

 

Figure 4.16. Tension test results of the samples with curved beams based on literature. (a) Stress 

vs. strain plot of structures without encapsulation. (b) Stress vs. strain plots of structures with 

Ecoflex 00-50 encapsulation. (c) Tension test for the re-entrant honeycomb structure encapsulated 

with Sylgard 184. (d) Unfolding of samples under high tensile stress. Note: due to equipment 

breakdown, the data has noise and the stress is very low. However, the data can be used to see the 

general trend in behavior of structures and composites. 

Due to the strain-stiffening behavior of the curved lines structures, variations to the wavelength of 

the sine-wave based structure was chosen for a further study. The focus of this study is uniaxial 
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tension, therefore, the wavelength of beams along the axis of tension was changed to study the 

effects on it over the stress-strain behavior of the metamaterial (Figure 4.17). 

 

Figure 4.17. Tension test results of the samples fabricated using Form 2 SLA printer with Flexible 

Resin with two sine-wave designs (Structure 1 and Structure 2).  

As seen from Figure 4.17 (b), the composite 2, which is based on Structure 2, which has an extra 

node of sine-wave is more elastic as well as has a snapping behavior after maximum stress. This 

was not observed from composite 1, which fails right after reaching maximum stress. The same 

behavior was observed for pure structures 1 and 2. The effect of soft elastomer matrix can be 

observed from Figure 4.17 (c). For composites with embedded structure 2, Ecoflex 0030 with 
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durometer 30 is the stiffest, followed by Shin-Etsu 20 (durometer 20) and Shin-Etsu 10 (durometer 

10) being softest.  

 

Figure 4.18. Tension test results of the samples fabricated using Stratasys PolyJet multimaterial 

printer according to Table 4.3. All tested samples have a thickness of 1 mm, width of 25 mm and 

length of 45 mm. 

Figure 4.18 presents the results of tension test of Stratasys samples. It can be observed from Table 

4.3 that Stratasys 3 sample has the highest concentration of stiff resin and therefore shows the 

stiffest response. Stratasys 1 sample fabricated in tubular form had the smallest thickness and a 

different structure and showed the softest response. Overall, it can be noticed that Stratasys 

samples did not show a snapping response to tension. Moreover, comparing the composites 
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prepared using Form2 Flexible printer, the chosen concentration of Stratasys PolyJet resins show 

a much stiffer response (3MPa compared to approximately 0.5 MPa). Although, PolyJet printer 

produces samples that have a good attachment of the structure to the matrix, and delamination 

problems did not happen during tension test, we did not observe a strain-softening property or any 

unusual property in fabricated samples other that strain-stiffening. The developed sine-wave based 

structure should be tested further. Moreover, the choice of resin was limited. The samples were 

rather stiff, thus it can be suggested for further studies to use higher concentrations of flexible 

resin.  

SLA printer samples with a Flexible Resin, on the other hand, had favorable stiffness range (much 

softer that Stratasys samples and similar to aorta) and allowed for wide choice of encapsulation 

matrix. The printed metamaterials were molded with different elastomers, which provided further 

adjustment of mechanical properties. The samples with sine-wave design demonstrated a snapping 

behavior, which is beneficial for desired application. 

 

4.5  Conclusion 

The results of this study reinforced previous observations on the use of curved beams and sine 

waves based structures encapsulated for mimicking soft tissues [143], [144] and the use of 

metamaterials for this particular application [56], [31], [145]  First, an ideal curve for a material 

replacing the aorta tissue walls in ex-vivo perfusion devices was determined. A strain-stiffening 

behavior up to 100 kPa and a softening above that stress was proposed to avoid peak stresses in 

ex-vivo perfusion devices. Proper printing methods for SLA and multi-material printing were 

established was well as a methodology for building literature metamaterial structures and creating 
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new ones based on sine waves. We presented metamaterials structures with different wavelength, 

along with a parameterization method. Interestingly, the sine-wave design allowed for snapping 

behavior, which can be further manipulated to achieve the desired stress-softening behavior. We 

identified that encapsulation of the metamaterial composite must be properly attached to the 

structure in order to avoid the out-of-plane movement of beams that destroys the matrix and it 

must allow the movement of the structure during the tension and achieve the desired behavior. 

Among the polymer matrix tested, the Sylgard 184 allows this freedom, but is not a suitable 

encapsulation because it breaks before the structure itself. The use of multi-material printing was 

promising for avoiding delamination, but variation of material concentrations should be studied 

further. 

 

5 Conclusion and future work 

5.1   Summary of my thesis works 

The work described in this thesis is focused on synthetic materials to replace rigid and 

noncompliant plastic tubing used in an ex-vivo heart perfusion device.  Two projects are included 

here: the first one is fabrication of fabric-reinforced elastomer composites to mimic the rapidly 

strain-stiffening J-shaped and anisotropic stress-strain behavior of human and porcine aorta, the 

second project is the design of the mechanical metamaterial composite with unique strain softening 

property that limits the peak pressure in aorta by expanding to accommodate a large stroke volume.  

The main findings of the first project can be summarized as follows: 

(1) uniaxial tensile stress tests were performed to find that the mechanical properties of human 

(n = 1) and porcine aorta (n = 14) are non-linear (J-shaped strain stiffening behaviour), 
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anisotropic (longitudinal direction stiffer than circumferential), and gradient (stiffer in 

regions where farer from the heart). 

(2) fabric-reinforced silicone elastomer composites were fabricated to match the mechanical 

properties of human aorta, where the structural motif of the embedded fabric (knitted or 

woven) influences the mechanical properties of the composite in a deterministic manner. 

(3) improved analytical constitutive models were suggested based on Gent’s and Mooney-

Rivlin’s constitutive model (fitting parameters are widely available in previous literatures) 

combined with Holzapfel–Gasser–Ogden’s model (rapid stiffening behaviour of fabric and 

aorta are effectively captured with the two fitting parameters) as a stepping stone towards 

judicial selection of the matrix and the fabric materials in future studies. 

The second project can be summarized as follows: 

(4) A thorough literature review of nature-inspired metamaterials was performed, and additive 

manufacturing technologies used to print them were evaluated. 

(5) Promising metamaterial structures were identified. 

(6) Using SLA and multi-material printing metamaterial structures based on sine waves were 

prepared. The wavelength was suggested as parameterization method. 

The second project was not finished during my MSc but will be continued further after my 

graduation. 

 

 

5.2  Broad context of contribution 

Composites of elastomer or rubber-like material and fibers have a variety of applications in 

engineering, including geotechnical construction, transportation, aerospace, and health fields 

[146]. Automobile tires and belts are one example of synthetic rubber composites. Natural 

composite examples include biological tissues, such as blood vessels, tendons, ligaments [147]. 

Fiber-reinforced elastomers are great candidates for tissue engineering, soft robotics and 
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microfluidic applications. This is because elastomer matrices can exhibit a wide range of 

deformations, much larger than stiffer matrices, such as metals, ceramics, or rigid polymers [148]. 

Soft elastomer matrix in combination with systematically arranged fiber families form dissipative 

materials that display direction-dependent properties and sustain finite strains, which can be widely 

used in biomechanics and medicine [147]. Fiber-reinforced composites appear as a great promise 

for long-term restorative materials in dentistry [149]. 

Soft robotics aims to produce robots made of flexible components that offer many useful 

capabilities, such as deformation of shape, manipulation of delicate objects, conformation to 

surroundings, and to movement in various environments [150]. Soft actuators’ body is usually 

composed of elastomeric materials, due to their heat and chemical resistance, possibility to co-

mold multiple materials, and ability to withstand large deformations while undergoing complex 

motion [79]. Fiber-reinforced composites are promising actuators tools, because after 

incorporating anisotropic fibers into the actuator body, elastomeric structures can produce 

numerous combinations of motion by expanding in less stiff regions [79], [151], [152]. Textiles 

are also capable of producing complex motions due to  wide range of stretch and strain properties 

[79]. For example, warp-knitted mesh fabrics are promising structural products that can be used in 

composite reinforcement [153] and biomaterial patches [154], [155], due to their light weight, high 

porosity, strength, and easy design as well as complex geometric morphology and mechanical 

properties [146]. Baughman and co-workers developed artificial muscles by twisting inexpensive 

high strength fishing line and sewing thread polymer fibers to provide fast, scalable, nonhysteretic, 

long-life tensile and torsional muscles [156]. Wang and co-workers combined heterogeneous 

fabric material layers to create soft fabric-based actuators, such as airtight bladder as well as soft 

strain sensor [79]. 
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Tissue engineering is another emerging area of research aiming to repair or regenerate the 

functions of damaged tissue by using synthetic scaffolds, where fiber-reinforced composites can 

play key role by providing a structural support to accommodate cells and spatially control their 

growth into a specific tissue, by tuning fiber orientation [157]. Specifically, in the field of vascular 

tissue engineering, fibrous composites can be widely designed as bioinspired scaffolds, because 

arterial walls have complex sandwich structure with varying distribution of collagen and elastin 

fibers, smooth muscle cells and other molecules of the extracellular matrix [19]. Bailly and co-

workers performed a fundamental study about the mechanical effect of fabric-reinforcement by 

using a custom-designed jig to precisely control the density and angle of the fibers for mimicking 

human abdominal aortic tissue [68]. 

5.3  Future Works 

5.3.1 Fabric-reinforced elastomer composites: Mimicking ‘J-shaped’ and 

anisotropic stress-strain behavior of human and porcine aorta 

This study focuses on the measurement of the mechanical properties of aortas and the 

establishment of the fabric-reinforced elastomers that mimic the aortic properties. The fabrication 

of actual tubes and the verification of the material’s efficacy in generating the Windkessel effect 

is the scope of our future studies. In addition, fatigue and creep resistance should also be 

established for long-term use of the materials. The biocompatibility of these materials should also 

be established. Ultimately, a tube that can be used in our ex vivo heart perfusion device should be 

developed.  

5.3.2 3D Printed Structure Reinforced Metamaterials: Beyond Natural Aorta’s 

Capacity to Regulate Blood Flow 
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To eliminate the consequences of aortic stiffening at high pressure, a metamaterial with unique 

strain-softening property at peak pressure coming after J-shaped strain-stiffening property is 

proposed. A final structure that possesses the desired stress-strain property should be designed. A 

structure should be casted into silicone elastomer composite and any delamination problems need 

to be solved. Finally, the 3D printed structure reinforced metamaterial composite should be 

fabricated in tubular form to be used in the device to regulate blood flow. Designing and fabricating 

the junction between the perfusion device system (being developed in Dr. Nobes and Dr. Freed 

groups) and our reinforced metamaterial tube are also major tasks. Once integrated, the fabricated 

tube will be a subject of fundamental studies (for example, (i) studying time-variant local 

deformation profiles under simulated and actual blood flows, (ii) fluid dynamics of blood flow in 

the tube, and (iii) simulated aneurysm by introducing local defect in tube material), while the 

eventual goal is to design and fabricate ideally personalized neo-aorta tubes with tunable strain-

stiffening-softening property that fits specific conditions that each donor heart may possess. 
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Appendices 

Appendix A: Supporting Information for Chapter 3 

Example of Raw Force-Displacement Data Generated during Tensile Test 

0% of break (Extension) : Load at 0% of break (Extension) N  
Strain : Tensile strain (Extension) gauge length 15.46 mm  
Specimen properties : Geometry Rectangular  
Specimen properties : Length 15.46 mm  
Specimen properties : Specimen label meta   

Specimen properties : Thickness 0.65 mm  
Specimen properties : Width 27.68 mm  
Test : Rate 1 10 mm/min  
0% of break (Extension) : Time at 0% of break (Extension) s  
0% of break (Extension) : 0% of break (Extension) mm  
0% of break (Extension) : Tensile extension at 0% of break (Extension) mm  
0% of break (Extension) : Tensile strain (Extension) at 0% of break 

(Extension) mm/mm  
0% of break (Extension) : Tensile stress at 0% of break (Extension) MPa  
0% of break (Extension) : Data point at 0% of break (Extension) 

0% of break (Extension) : Status number at 0% of break 

(Extension) 22   

Specimen properties : Area 17.992 mm^2  
0% of break (Extension) : Energy at 0% of break (Extension) J  
0% of break (Extension) : Tenacity at 0% of break (Extension) N/tex  
General : End date 1/22/2019  
General : Excluded FALSE   

General : Specimen number (included) 1   

General : Start date 1/22/2019  

General : Unique identifier 

{9967DDA8-42B3-455C-B396-

F05384CC6FC9} 

Modulus (Automatic) : Energy to X-intercept at Modulus (Automatic) J  
Modulus (Automatic) : Modulus (Automatic) 2.56021 MPa  
Modulus (Automatic) : Status number at Modulus 

(Automatic) 1   

Modulus (Automatic) : X-intercept at Modulus (Automatic) -0.02353 mm/mm  
Modulus (Automatic) : Y-intercept at Modulus (Automatic) 0.06025 MPa  
Specimen choice input : Specimen choice input  1 <None>   

Specimen choice input : Specimen choice input  2 <None>   

Specimen choice input : Specimen choice input  3 <None>   

Specimen choice input : Specimen choice input  4 <None>   

Specimen choice input : Specimen choice input  5 <None>   

Specimen choice input : Specimen choice input  6 <None>   
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Specimen choice input : Specimen choice input  7 <None>   

Specimen choice input : Specimen choice input  8 <None>   

Specimen choice input : Specimen choice input  9 <None>   

Specimen choice input : Specimen choice input 10 <None>   

Specimen notes : Specimen note 1 

Specimen notes : Specimen note 2 

Specimen notes : Specimen note 3 

Specimen number inputs : Specimen number input  1 0   

Specimen properties : Final area 30 mm^2  
Specimen properties : Final length 300 mm  
Specimen properties : Final thickness 1 mm  
Specimen properties : Final width 30 mm  
Specimen text inputs : Specimen text input  1 

Strain : Time at removal s  

    

Time Extension Load  
(s) (mm) (N)  

0 0 0.00126  
0.1 0.01133 0.02498  
0.2 0.02708 0.26348  
0.3 0.04935 0.64669  
0.4 0.0666 0.79652  
0.5 0.08378 0.91461  
0.6 0.09967 1.01553  
0.7 0.11693 1.14132  
0.8 0.13395 1.24545  
0.9 0.15 1.3259  

1 0.16725 1.43288  
1.1 0.1839 1.49809  
1.2 0.2004 1.5907  
1.3 0.21713 1.67272  
1.4 0.23347 1.74314  
1.5 0.25043 1.81739  
1.6 0.26685 1.8779  
1.7 0.28372 1.96023  
1.8 0.30075 2.04054  
1.9 0.3165 2.07783  

2 0.33375 2.16699  
2.1 0.35055 2.22688  
2.2 0.36682 2.28778  
2.3 0.38355 2.35203  
2.4 0.39998 2.39712  
2.5 0.41708 2.46827  
2.6 0.43372 2.52132  
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2.7 0.45008 2.57323  
2.8 0.4674 2.64942  
2.9 0.48345 2.6771  

3 0.5004 2.74842  
3.1 0.51728 2.80867  
3.2 0.53325 2.843  
3.3 0.55028 2.90317  
3.4 0.56708 2.95074  
3.5 0.58365 3.00224  
3.6 0.60045 3.05729  
3.7 0.61687 3.09891  
3.8 0.63405 3.15855  
3.9 0.65025 3.18668  

4 0.66683 3.23879  
4.1 0.6837 3.29372  
4.2 0.6999 3.31921  
4.3 0.71678 3.38093  
4.4 0.73403 3.43605  
4.5 0.74978 3.4578  
4.6 0.76725 3.52375  
4.7 0.78352 3.54289  
4.8 0.80055 3.60077  
---- ------ --------  

57.808 9.63518 2.05397  

57.908 9.6516 2.0636  

58.008 9.66825 2.0777  

58.108 9.68513 2.09224  

58.208 9.70125 2.10604  

58.308 9.71813 2.1182  

58.408 9.7356 2.13404  

58.508 9.75098 2.13433  

58.608 9.76875 2.15277  

58.708 9.7851 2.16653  

58.808 9.80175 2.17602  

58.908 9.81833 2.18733  

59.008 9.8349 2.19038  

59.108 9.8517 2.20721  

59.208 9.8685 2.21429  

59.308 9.88493 2.2266  

59.408 9.90218 2.23303  

59.508 9.91778 2.24244  

59.608 9.93525 2.24386  

59.708 9.95168 2.26147  

59.808 9.96825 2.2616  
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Matlab codes to determine hyperelastic model parameters 

1) For unreinforced Ecoflex 0050 – Gent Model 

 

 % input data 

    d_eco = load('eco-thin.txt'), % load raw data 

    f_eco = d_eco(:,3), % tensile force, unit: N  

    ext_eco = (d_eco(:,2)-d_eco(1,2)).*1e-3, % tensile extension, unit: m 

    time_eco = d_eco(:,1), 

    % geometry 

    to_eco = 0.93e-3,   % unit: m 

    wo_eco = 14.92e-3, % unit: m 

    lo_eco = 18.73e-3, % unit: m 

% stress - strain calculation 

    eps1_eco = ext_eco ./ lo_eco, % strain 

    lambda1_eco = 1 + eps1_eco, % stretch 

    nom_sigma1_eco = f_eco ./ (wo_eco*to_eco)/(10^6), % nominal stress, unit: Pa 

    sigma1_eco = nom_sigma1_eco .* lambda1_eco, % true stress, unit Pa 

    % mechanical failure point 

    n=3, 

    [max_sigma1_eco,ibrk_eco] = max(sigma1_eco) 

  

mu_eco=0.0181, 

Jm_eco=197.6262, 

k1_eco=0, 

k2_eco=0, 

Y4_eco = sigma1_eco (1:9000), 

X4_eco=eps1_eco (1:9000), 

x1=eps1_eco(1:9000), 

y1=sigma1_eco(1:9000), 

p=polyfit(x1,y1,n), 

p, 

f=polyval(p,x1), 

figure(1) 

plot(x1,y1, x1,f,'-') 

legend ('Exp data', 'PolyFit') 

   

Yfcn_eco=@(b_eco,X4_eco)(3 .* b_eco(1)  .* b_eco(2).* ((X4_eco (:,1)+1).^2 - 1./ (X4_eco 

(:,1)+1)) ./ (b_eco(2) - (X4_eco (:,1)+1).^2 - 2./ (X4_eco (:,1)+1) + 3)) 

SSECF_eco = @(b_eco) sum((Y4_eco - Yfcn_eco(b_eco,X4_eco)).^2), 

B0_eco = rand(2,1)*100,                         % Initial Parameter Estimates 
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[B_eco,SSE_eco] = fminsearch(SSECF_eco, B0_eco) 

  

Yfcn1_eco=(3 .* mu_eco .* Jm_eco.* ((X4_eco (:,1)+1).^2 - 1./ (X4_eco (:,1)+1)) ./ (Jm_eco - 

(X4_eco (:,1)+1).^2 - 2./ (X4_eco (:,1)+1) + 3)), 

Rsq1_eco = 1 - sum((Y4_eco-Yfcn1_eco).^2)/sum((Y4_eco - mean(Y4_eco)).^2) 

ymin=min(Yfcn1_eco), 

xmin=find(Yfcn1_eco==ymin), 

X4_eco(326), 

  

figure (5), 

plot(lambda1_eco(1:9000),Yfcn1_eco) 

  

     

figure, box on, hold on, 

p_eco = plot(eps1_eco,sigma1_eco,'--r','linewidth',2,'displayname','Ecoflex 0050: experimental'), 

p_eco_fit = plot(X4_eco,Yfcn1_eco,'-b','linewidth',2,'displayname','Ecoflex 0050: theoretical'), 

leg_pe = legend([p_eco, p_eco_fit]), 

legend boxoff, 

    set(leg_pe,'location','best','fontsize',12), 

    xlabel('Strain, \epsilon','fontsize',12), 

    ylabel('True stress, \it t_{1 Gent} [MPa]','fontsize',12), %{\it T}_g  

    text(0.25,5,sprintf('Best fitting with R^{2}=%1.4f',Rsq1_eco),'fontsize',12), 

    text(0.25,4,sprintf('\\mu=%1.2f (kPa), J_{lim}=%1.2f',mu_eco*10^(3),Jm_eco),'fontsize',12), 

    %text(0.25,8,sprintf('k_{1}=%1.2f (kPa), k_{2}=%1.2f',k1_eco*10^(3),k2_eco),'fontsize',12), 

    set(gca,'xlim',[0 9],'ylim',[-1e-2 8],'fontsize',12), 

 

2) For Ecoflex – Mooney-Rivlin 

 

 % input data 

    d_eco = load('eco-thin.txt'), % load raw data 

    f_eco = d_eco(:,3), % tensile force, unit: N  

    ext_eco = (d_eco(:,2)-d_eco(1,2)).*1e-3, % tensile extension, unit: m 

    time_eco = d_eco(:,1), 

    % geometry 

    to_eco = 0.93e-3,   % unit: m 

    wo_eco = 14.92e-3, % unit: m 

    lo_eco = 18.73e-3, % unit: m 

% stress - strain calculation 

    eps1_eco = ext_eco ./ lo_eco, % strain 

    lambda1_eco = 1 + eps1_eco, % stretch 



151 

 

    nom_sigma1_eco = f_eco ./ (wo_eco*to_eco)/(10^6), % nominal stress, unit: Pa 

    sigma1_eco = nom_sigma1_eco .* lambda1_eco, % true stress, unit Pa 

    % mechanical failure point 

    n=3, 

    [max_sigma1_eco,ibrk_eco] = max(sigma1_eco) 

  

     

C10_eco=0.015, 

C01_eco=-0.011, 

Y4_eco = sigma1_eco (1:9000), 

X4_eco=eps1_eco (1:9000), 

x1=eps1_eco(1:9000), 

y1=sigma1_eco(1:9000), 

p=polyfit(x1,y1,n), 

f=polyval(p,x1), 

%figure(1) 

plot(x1,y1, x1,f,'-') 

legend ('Exp data', 'PolyFit') 

dy=diff(f)./diff(x1), 

%figure (2), 

plot(x1(2:end),dy) 

der_2=-36.*C01_eco./((X4_eco(:,1)+1).^4)+6.*C10_eco.*(2-2./((X4_eco (:,1)+1).^3)), 

%figure (3), 

plot(X4_eco,der_2,'-m','linewidth',2) 

xlabel('Strain, \epsilon'), ylabel(' d^{2}\sigma/d^{2}\epsilon','fontsize',12) 

legend('2nd derivative of stress for Ecoflex 0050') 

der_1=6.*C10_eco.*(2.*(X4_eco(:,1)+1)+1./((X4_eco 

(:,1)+1).^2))+6.*C01_eco.*(1+2./((X4_eco(:,1)+1).^3)), 

%figure (4), 

plot(X4_eco,der_1,'-b','linewidth',2) 

xlabel('Strain, \epsilon'), ylabel(' d\sigma/d\epsilon','fontsize',12) 

legend('1st derivative of stress for Ecoflex 0050') 

  

Yfcn_eco=@(b_eco,X4_eco)(6.*b_eco(1).*(2.*(X4_eco(2:end)+1)+1./((X4_eco 

(2:end)+1).^2))+6.*b_eco(2).*(1+2./((X4_eco(2:end)+1).^3))),  

SSECF_eco = @(b_eco) sum((dy - Yfcn_eco(b_eco,X4_eco)).^2), 

B0_eco = rand(2,1)*100,                         % Initial Parameter Estimates 

[B_eco,SSE_eco] = fminsearch(SSECF_eco, B0_eco) 
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Yfcn1_eco=(6.*C10_eco.*((X4_eco (:,1)+1).^2-1./(X4_eco (:,1)+1))+6.*C01_eco.*((X4_eco 

(:,1)+1)-1./((X4_eco (:,1)+1).^2))),   

Rsq1_eco = 1 - sum((Y4_eco-Yfcn1_eco).^2)/sum((Y4_eco - mean(Y4_eco)).^2) 

 

ymin=min(Yfcn1_eco) 

xmin=find(Yfcn1_eco==ymin), 

X4_eco(326), 

  

figure (5), 

plot(lambda1_eco(1:9000),Yfcn1_eco) 

  

figure, box on, hold on, 

p_eco = plot(eps1_eco,sigma1_eco,'--r','linewidth',2,'displayname','Ecoflex 0050: experimental'), 

p_eco_fit = plot(X4_eco,Yfcn1_eco,'-b','linewidth',2,'displayname','Ecoflex 0050: theoretical'), 

leg_pe = legend([p_eco, p_eco_fit]), 

legend boxoff, 

    set(leg_pe,'location','best','fontsize',12), 

    xlabel('Strain, \epsilon','fontsize',12), 

    ylabel('True stress, \it t_{1 MR} [MPa]','fontsize',12), 

    text(0.25,5,sprintf('Best fitting with R^{2}=%1.4f',Rsq1_eco),'fontsize',12), 

    text(0.25,4,sprintf('C_{10}=%1.2f (kPa), C_{01}=%1.2f 

(kPa)',C10_eco*10^(3),C01_eco*10^(3)),'fontsize',12), 

    set(gca,'xlim',[0 9],'ylim',[-1e-1 8],'fontsize',12), 

     

    clear all 

 

3) Sample code for composite 

%wale direction -------------------------------- 

% input data 

    d_rayon_y = load('Rayon_1y.txt'), % load raw data 

    f_rayon_y = d_rayon_y(:,3), % tensile force, unit: N  

    ext_rayon_y = (d_rayon_y(:,2)-d_rayon_y(1,2)).*1e-3, % tensile extension, unit: m 

    time_rayon_y = d_rayon_y(:,1), 

    % geometry 

    to_rayon_y = 11e-3,   % unit: m 

    wo_rayon_y = 1.32e-3, % unit: m 

    lo_rayon_y = 26.3e-3, % unit: m 

% stress - strain calculation 

    eps1_rayon_y = ext_rayon_y ./ lo_rayon_y, % strain 

    lambda1_rayon_y = 1 + eps1_rayon_y, % stretch 
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    nom_sigma1_rayon_y = f_rayon_y ./ (wo_rayon_y*to_rayon_y)/(10^6), % nominal stress, 

unit: Pa 

    sigma1_rayon_y = nom_sigma1_rayon_y .* lambda1_rayon_y, % true stress, unit Pa 

    % mechanical failure point 

    n=8, 

    [max_sigma1_rayon_y,ibrk_rayon_y] = max(sigma1_rayon_y) 

 

mu_rayon_y=0.01810, 

Jm_rayon_y=197.63, 

k1_rayon_y=0.02508, 

k2_rayon_y=0.0012, 

Y4_rayon_y = sigma1_rayon_y (1:2982), 

X4_rayon_y=eps1_rayon_y (1:2982), 

  

Yfcn_rayon_y=@(b_rayon_y,X4_rayon_y)(3 .* mu_rayon_y .* Jm_rayon_y.* ((X4_rayon_y 

(:,1)+1).^2 - 1./ (X4_rayon_y (:,1)+1)) ./ (Jm_rayon_y - (X4_rayon_y (:,1)+1).^2 - 2./ 

(X4_rayon_y (:,1)+1) + 3) +6 .* b_rayon_y(1) .* (X4_rayon_y (:,1)+1).^2 .* ((X4_rayon_y 

(:,1)+1).^2-1) .* (exp(b_rayon_y(2).*( (X4_rayon_y (:,1)+1).^2-1).^2))), 

SSECF_rayon_y = @(b_rayon_y) sum((Y4_rayon_y - 

Yfcn_rayon_y(b_rayon_y,X4_rayon_y)).^2), 

B0_rayon_y = rand(2,1)*100,                         % Initial Parameter Estimates 

[B_rayon_y,SSE_rayon_y] = fminsearch(SSECF_rayon_y, B0_rayon_y) 

  

Yfcn1_rayon_y=(3 .* mu_rayon_y .* Jm_rayon_y.* ((X4_rayon_y (:,1)+1).^2 - 1./ (X4_rayon_y 

(:,1)+1)) ./ (Jm_rayon_y - (X4_rayon_y (:,1)+1).^2 - 2./ (X4_rayon_y (:,1)+1) + 3) +6 .* 

k1_rayon_y .* (X4_rayon_y (:,1)+1).^2 .* ((X4_rayon_y (:,1)+1).^2-1) .* (exp(k2_rayon_y.*( 

(X4_rayon_y (:,1)+1).^2-1).^2))), 

Rsq1_rayon_y = 1 - sum((Y4_rayon_y-Yfcn1_rayon_y).^2)/sum((Y4_rayon_y - 

mean(Y4_rayon_y)).^2) 

 

%course direction--------------------------------------------------------- 

  

% input data 

    d_rayon_x = load('Rayon_1x.txt'), % load raw data 

    f_rayon_x = d_rayon_x(:,3), % tensile force, unit: N  

    ext_rayon_x = (d_rayon_x(:,2)-d_rayon_x(1,2)).*1e-3, % tensile extension, unit: m 

    time_rayon_x = d_rayon_x(:,1), 

    % geometry 

    to_rayon_x = 9.65e-3,   % unit: m 

    wo_rayon_x = 1.32e-3, % unit: m 
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    lo_rayon_x = 25.16e-3, % unit: m 

% stress - strain calculation 

    eps1_rayon_x = ext_rayon_x ./ lo_rayon_x, % strain 

    lambda1_rayon_x = 1 + eps1_rayon_x, % stretch 

    nom_sigma1_rayon_x = f_rayon_x ./ (wo_rayon_x*to_rayon_x)/(10^6), % nominal stress, 

unit: Pa 

    sigma1_rayon_x = nom_sigma1_rayon_x .* lambda1_rayon_x, % true stress, unit Pa 

    % mechanical failure point 

    n=8, 

    [max_sigma1_rayon_x,ibrk_rayon_x] = max(sigma1_rayon_x) 

  

mu_rayon_x=0.01810, 

Jm_rayon_x=197.63, 

k1_rayon_x=0.01025, 

k2_rayon_x=0.0011, 

Y4_rayon_x = sigma1_rayon_x (1:3700), 

X4_rayon_x=eps1_rayon_x (1:3700), 

  

Yfcn_rayon_x=@(b_rayon_x,X4_rayon_x)(3 .* mu_rayon_x .* Jm_rayon_x.* ((X4_rayon_x 

(:,1)+1).^2 - 1./ (X4_rayon_x (:,1)+1)) ./ (Jm_rayon_x - (X4_rayon_x (:,1)+1).^2 - 2./ 

(X4_rayon_x (:,1)+1) + 3) +6 .* b_rayon_x(1) .* (X4_rayon_x (:,1)+1).^2 .* ((X4_rayon_x 

(:,1)+1).^2-1) .* (exp(b_rayon_x(2).*( (X4_rayon_x (:,1)+1).^2-1).^2))), 

SSECF_rayon_x = @(b_rayon_x) sum((Y4_rayon_x - 

Yfcn_rayon_x(b_rayon_x,X4_rayon_x)).^2), 

B0_rayon_x = rand(2,1)*100,                         % Initial Parameter Estimates 

[B_rayon_x,SSE_rayon_x] = fminsearch(SSECF_rayon_x, B0_rayon_x) 

  

Yfcn1_rayon_x=(3 .* mu_rayon_x .* Jm_rayon_x.* ((X4_rayon_x (:,1)+1).^2 - 1./ (X4_rayon_x 

(:,1)+1)) ./ (Jm_rayon_x - (X4_rayon_x (:,1)+1).^2 - 2./ (X4_rayon_x (:,1)+1) + 3) +6 .* 

k1_rayon_x .* (X4_rayon_x (:,1)+1).^2 .* ((X4_rayon_x (:,1)+1).^2-1) .* (exp(k2_rayon_x.*( 

(X4_rayon_x (:,1)+1).^2-1).^2))), 

Rsq1_rayon_x = 1 - sum((Y4_rayon_x-Yfcn1_rayon_x).^2)/sum((Y4_rayon_x - 

mean(Y4_rayon_x)).^2) 

 

%--------------------------------------------------------------------------------- 

%Plotting section 

  

figure, box on, hold on, 

p_rayon_x = plot(X4_rayon_x,Y4_rayon_x,'--m','linewidth',2,'displayname','Rayon/Spandex 

course: experimental'), 
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p_rayon_x_fit = plot(X4_rayon_x,Yfcn1_rayon_x,'-

k','linewidth',2,'displayname','Rayon/Spandex course: theoretical'), 

p_rayon_y = plot(X4_rayon_y,Y4_rayon_y,'--r','linewidth',2,'displayname','Rayon/Spandex 

wale: experimental'), 

p_rayon_y_fit = plot(X4_rayon_y,Yfcn1_rayon_y,'-

b','linewidth',2,'displayname','Rayon/Spandex wale: theoretical'), 

  

leg_pe = legend([p_rayon_x, p_rayon_x_fit,p_rayon_y, p_rayon_y_fit]), 

legend boxoff, 

    set(leg_pe,'location','best','fontsize',12), 

    xlabel('Strain, \epsilon','fontsize',12), 

    ylabel('True stress,\it t_{1 Gent} [MPa]','fontsize',12), 

    set(gca,'xlim',[0 2.5],'ylim',[0 12],'fontsize',12), 

     

    text(1.6,2.0,sprintf('R^{2}=%1.4f',Rsq1_rayon_x),'fontsize',12), 

    text(1.3,1.1,sprintf('\\mu=%1.2f (kPa), 

J_{lim}=%1.2f',mu_rayon_x*10^(3),Jm_rayon_x),'fontsize',12), 

    text(1.3,0.4,sprintf('k_{1}=%1.2f (kPa), 

k_{2}=%1.4f',k1_rayon_x*10^(3),k2_rayon_x),'fontsize',12), 

     

     

    text(0.1,6,sprintf('R^{2}=%1.4f',Rsq1_rayon_y),'fontsize',12), 

    text(0.1,5.2,sprintf('\\mu=%1.2f (kPa), 

J_{lim}=%1.2f',mu_rayon_y*10^(3),Jm_rayon_y),'fontsize',12), 

    text(0.1,4.5,sprintf('k_{1}=%1.2f (kPa), 

k_{2}=%1.4f',k1_rayon_y*10^(3),k2_rayon_y),'fontsize',12), 

     

    

4) Alternative code for composite 

%% Start: clearing 

    close all, 

    clear,   

%% Polyester_Spandex 

    % input data 

    d_pe = load('PE_Spandex.txt'), % load raw data 

    f_pe = d_pe(:,3), % tensile force, unit: N  

    ext_pe = (d_pe(:,2)-d_pe(1,2)).*1e-3, % tensile extension, unit: m 

    time_pe = d_pe(:,1), 

    % geometry 

    to_pe = 1.8e-3,   % unit: m 
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    wo_pe = 10.99e-3, % unit: m 

    lo_pe = 22.06e-3, % unit: m 

    % stress - strain calculation 

    eps1_pe = ext_pe ./ lo_pe, % strain 

    lambda1_pe = 1 + eps1_pe, % stretch 

    nom_sigma1_pe = f_pe ./ (wo_pe*lo_pe), % nominal stress, unit: Pa 

    sigma1_pe = nom_sigma1_pe .* lambda1_pe, % true stress, unit Pa 

    % mechanical failure point 

    [max_sigma1_pe,ibrk_pe] = max(sigma1_pe), 

%% Model: Gent's hyper-elasticity - Bio-tissues 

    % input parameters  

    n = 8, % number of points 

    mu_pe = linspace(10,12,n)*1e3, % shear modulus, unit: Pa     

    Jm_pe = linspace(25,35,n),  % limit of stretch invariant  

    k1_pe = linspace(1e3,2e3,n), 

    k2_pe = linspace(0.025,0.075,n), 

    syms sym_lambda1_pe 

    % substitution 

    m_lambda1_pe = linspace(1,lambda1_pe(ibrk_pe),ibrk_pe), % generate an equi-interval array 

of stretch 

    m_sigma1_pe = zeros(ibrk_pe,n), 

    Rsqr = zeros(1,n), 

    for i=1:n 

        t1_pe = 3 * mu_pe(i) * Jm_pe(i) * (sym_lambda1_pe.^2 - 2./sym_lambda1_pe) / (Jm_pe(i) 

- sym_lambda1_pe.^2 - 2./sym_lambda1_pe + 3) - 2 * k1_pe(i) * sym_lambda1_pe.^2 * 

(sym_lambda1_pe.^2-1) * (exp(-k2_pe(i)*(sym_lambda1_pe.^2-1)^2) - 0.25)+0.015e6,  

        m_sigma1_pe(:,i) = subs(t1_pe,m_lambda1_pe), % substitute for the stretch 

        Rsqr(i) = 1 - sum((sigma1_pe(1:ibrk_pe)-

m_sigma1_pe(:,i)).^2)/sum((sigma1_pe(1:ibrk_pe) - mean(sigma1_pe(1:ibrk_pe))).^2), 

    end 

    [Rbest,ibest] = max(Rsqr), 

    % plot fitting 

    m_eps1_pe = m_lambda1_pe - 1, 

    figure, box on, hold on, 

    p_pe = plot(eps1_pe*1e2,sigma1_pe*1e-6,'--r','linewidth',2,'displayname','Polyester-Spandex: 

experimental'), 

    p_m_pe = plot(m_eps1_pe*1e2,m_sigma1_pe(:,ibest)*1e-6,'-

b','linewidth',2,'displayname','Polyester-Spandex: theoretical'), 

    leg_pe = legend([p_pe, p_m_pe]), 

    legend box off, 
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    set(leg_pe,'location','best','fontsize',12), 

    xlabel('Strain, \epsilon (%)','fontsize',12), 

    ylabel('True stress, \sigma (MPa)','fontsize',12), 

    text(50,1,sprintf('Best fitting with R^{2}=%1.4f',Rbest),'fontsize',12), 

    text(65,0.9,sprintf('mu=%1.2f (kPa), J_{lim}=%1.2f',mu_pe(ibest)*1e-

3,Jm_pe(ibest)),'fontsize',12), 

    text(65,0.8,sprintf('k_{1}=%1.2f, k_{2}=%1.2f',k1_pe(ibest),k2_pe(ibest)),'fontsize',12), 

    set(gca,'xlim',[0 450],'ylim',[-1e-2 1.25],'fontsize',12), 
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Appendix B: Supporting Information for Chapter 4 

Table B.1. Summary of different structures, manufacturing methods and strain-stress behavior in literature. 

Ref. Key concepts 
Key results 

Structure Manufacturing Materials Figures 

[158] Additive 

manufacturing 

(AM), tissue-

support devices, 

such as ankle or 

knee braces, and 

hernia repair 

mesh, 

programming of 

the toolpath in an 

extrusion AM 

process, flexible 

mesh, digitally 

tailored 

mechanical 

properties and 

geometry, 

extrusion of 

thermoplastics, 

with continuous 

fiber 

reinforcement 

 

 
 

 

Printing: 

Extrusion is 

done using a 

commercial 3D 

printer Printrbot 

 

Simple Metal. 

Thermoplastic 

Polyurethane 

(Ninjaflex) is the 

primary matrix 

material used, 

while stainless 

steel thread (0.4 

mm thick 3 ply 

thread, 316 L alloy, 

Adafruit 

Industries) is the 

premade 

continuous fiber. 
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[159] Low-density, 

3D-architected 

soft machines 

(ASMs) by 

combining 

Voronoi 

tessellation and 

additive 

manufacturing, 

topologically 

encoded 

buckling 

(contraction, 

twisting, 

bending, and 

cyclic motion), 

stereolithographi

 

 
 

3D Printing 

ASMs: A high-

resolution 

stereolithograph

y (SLA) 3D 

printer (Form 2, 

Formlabs Inc.) 

was used to 

build  

 

Flexible 

photocurable 

polymers (FLGR01 

and FLGR02, bulk 

density = 1.15 g 

cm−3, Formlabs 

Inc.). 

Elastomeric ASMs 

by Injection 

Molding: 

dissolvable hollow 

polymeric molds 

(were 3D printed 

by fused deposition 

modeling using 

ABS) (FDM, F170, 

Stratasys Ltd.) 
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c 3D printing of 

flexible 

photopolymers 

or the injection 

molding of 

elastomers, 

programming 

motion of ASMs 

by tuning beam 

thickness 

 

 

 

[136] 

 

Biological 

materials, 3D-

printing, 

Droptower 

testing, Nacre, 

Finite element 

modeling, 

Extreme 

mechanics 

 

 

Additive 

manufacturing 

of the Nacre-

like composites 

using a 

Stratasys 

Connex 3 multi-

material printer  

 

The two base 

materials are 

Stratasys 

photopolymers, 

Veromagenta and 

Tangoblackplus. 

The Veromagenta 

grade is the 

comparatively 

stiffer material, 

whereas the 

Tangoblackplus 

grade is more 

flexible and 

rubber-like. 
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[56] Mechanical 

metamaterials, 

negative 

stiffness, snap-

through 

instabilities, 

uniaxial tension 

testing, finite 

element 

simulation, soft 

spring model, 

curved beams 

structures, 

bending-

dominant, 

stretching 

dominant 

Curved beams: sine waves 

connected 

 

3D printing: 

selective laser 

sintering (EOS 

e-

Manufacturing 

Solutions) 

 

Nylon-based 

rubber-like 

material 

E = 78 MPa 

ν = 0.4 

Uniaxial tension 
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[100] Auxetic, 

stiffness, energy 

absorption, 

composites, 

lattice materials, 

straight beams 

structures 

Straight beams: re-entrant 

honeycomb, chiral truss, 

honeycomb and truss. 

 

3D printing: 

multi-material 

printing (Object 

Connex260, 

Stratasys Ltd.) 

VeroWhite (a) 

resin for the 

reinforcement and 

TangoPlus (b) 

resin for the matrix

 

Uniaxial compresion 

 

[160] Mechanical 

properties, 

polymers, 3D 

structures 

bending-

dominant, 

stretching 

dominant, 

reversible 

stretchability, 

low density, 

energy 

absorption 

efficiency, 

projection 

microstereolitogr

aphy 

3D straight beams: octet-

truss, kelvin, kagome, 

octahedron and 

dodecahedron lattices. 

 

 

3D printing: 

projection 

microstereolitog

raphy, cure 

elastomers 

within the 

hollow 

channels, and 

finally 

chemically 

dissolve the 

hollow scaffold 

Mold max NV14, 

tin-catalyzed 

silicone elastomers 

and urethane 

elastomers 

 

Uniaxial tension 

 
Uniaxial compression (Kelvin) 
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[31] Multi-material 

3D printing, 

tissue-mimicking 

phantom, 

metamaterials, 

nonlinear 

mechanical 

properties, finite 

element analysis 

Curved fibers: sinusoidal 

wave, double helix and 

interblocking chain 

 

 

3D printing: 

multi-material 

printing 

(Connex350 

Stratasys Ltd.) 

VeroBlackPlus 

(RGD875) for stiff 

fiber and 

TangloPlus 

(FullCare 930) for 

elastic matrix 

 

 

Uniaxial tension 
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[143] Multi-material 

3D printing, 

tissue-mimicking 

phantom, 

metamaterials, 

nonlinear 

mechanical 

properties, finite 

element analysis, 

statistical 

approach, 

surrogate model, 

strain-softening 

and strain 

stiffening, 

systematic 

design 

Curved fibers: sinusoidal 

wave 

 

3D printing: 

multi-material 

printing 

(Connex350 

Stratasys Ltd.) 

VeroBlackPlus 

(RGD875) for stiff 

fiber and 

TangloPlus 

(FullCare 930) for 

elastic matrix 

 

Uniaxial tension 

 

[99] 3D printing, 3D 

samples, hybrid 

structures, 

honeycomb, 

finite element 

simulation, fused 

deposition 

modeling, 

deformation 

mechanisms, 

energy 

absorption 

Straight beams: honeycomb, 

re-entrant honeycomb, strut 

re-entrant honeycomb and 

hybrid structures 

 

3D printing: 

fused deposition 

modeling 

Acrylonitrile 

butadiene styrene 

(ABS) polymer 

E = 2.2 GPa 

ν = 0.35 

Uniaxial compresion 
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[161] 3D printing, 

shape-

recovering, 

energy 

absorption, 

stretch-

dominant, 

inverted 

stereolithograph

y, deformation 

mechanisms, 

failure analysis, 

low density 

Straight beams: octet-truss 

 

3D printing: 

inverted 

stereolithograph

y (Form 2, 

Formlabs Inc.) 

Green resin with 

similar properties 

to ABS and gray 

similar properties 

to PMMA 

 

Uniaxial compresion 
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[98] Acoustic 

metamaterials, 

mechanical 

deformation, 

vibrational 

control, strain-

stiffening 

behavior, tuning 

of Poisson’s 

ratio, amplitude 

and wavelength 

control, 

simulations, 

band gaps 

Curved beams: sinusoidal 

waves, hexagonal, kagome, 

square, triangular 

 

 

 

3D printing: 

(Objet 

Connex260, 

Stratasys Ltd.) 

FLX9795-DM, 

rubber like 

material 

Uniaxial tension 

 

 
 

[102] Tuning of 

Poisson’s ratio, 

topology 

optimization, 

large 

deformations, 

direct ink 

writing, multi-

nozzle 

Curved beams: parametrized 

super ellipses 

 

 

 

3D printing: 

Direct ink 

writing with an 

Aerotech 3-axis 

positioning 

stage (Aerotech, 

Inc.) 

Poly(dimethylsilox

ane) (PDMS) ink 

Uniaxial tension (no strain-stress 

behavior analysis) 
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[162] Disordered 

materials, 

simulation of 

molecular 

dynamics, 

Poisson’s ratio, 

Young’s 

modulus, out-of-

plane buckling, 

topology 

modifications, 

fused deposition 

modeling 

technique, 

failure 

mechanisms 

Straight beams: ordered or 

disordered re-entrant 

honeycombs 

 

3D printing: 

fused deposition 

modeling 

technique 

NinjaFlex 

(thermoplastic 

polyurethane 

material), Flex 

PLA and Hard 

PLA 

 

 

Uniaxial tension and compression (no 

strain-stress behavior analysis) 

 

[163] Soft poly-lactic 

acid, large 

deformation, 

finite element 

analysis, fused 

deposition 

modeling 

Straight beams: 

parallelogram and hexaonal 

 

3D printing: 

fused deposition 

modeling 

Soft poly-lactic 

acid (PLA) 

Tension (hexagonal) 

 
Compresion (hexagonal) 
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[164] Bistable auxetic 

materials, rigid 

structures, 

rotationary 

elements, slender 

ligaments, 

kirigami 

architecture, 

fatigue, polymer 

Straight rotationary beams: 

triangles 

 

Incision Derlin Acetal 

Resin and natural 

latex rubber 

Uniaxial stress in cycles 

 

[165] Mechanical 

properties, soft 

material, 

hierarchical 

straight beams, 

honeycomb, 

buckling, 

structural 

organization, 

finite element 

analysis 

Straight beams: herarchical 

honeycomb 

 

 

3D printing: 

PolyJet (Objet 

Eden260V, 

Stratasys, Ltd.) 

TangoGrey 

E = 1.7 MPa 

ν = 0.3 

Uniaxial compression on y and x axis 
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[166] Phononic 

crystals, 

hierarchical 

wave 

propagation, 

honeycombs, 

band gaps, load-

carrying 

capabilities, 

eigenfrequency 

analysis, in-

plane 

propagation 

Straight beams: herarchical 

honeycombs 

 

 

Only numerical 

analysis 

Only numerical 

analysis 

Uniaxial compresion 
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Table B.2. Summary of different solution for delamination problems with PDMS in literature. 

Ref. Key concepts Alternative presented Results 

[167] Atomic force 

microscopy, buckling, 

cracks, wrinkling and 

delamination, electronic 

structure, evaporation, 

finite element analysis, 

scanning electron 

microscopy, dipoles, 

Derjaguin-Muller-

Toporov model  

Adhesive layer of chromium 

 
 

 

 
 

[168] Carbon nanotubes, 

fracture toughness, 

laminates, 

nanocomposites, 

polyurethane, 

functionalize, pristine 

carbon nanotubes 

Add functionalize and pristine carbon 

nanotubes in polyurethane matrix 
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Table B.3. Summary of novel resins in literature. 

 

Ref. Key concepts Manufacturing Materials Results 

[169] Cellulose 

nanocrystal, 

stereolithography 

apparatus, 

nanocomposite 

hydrogel, 

photocurable, 

abaca pup fibers 

3D printing: stereolithography 

 

Poly(ethylene 

glycol) 

diacrylate 

matrix with 

cellulose 

nanocrystal 

nanofillers 

and 

photoinitiating 
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Confirmation Number: 11852402

Special Rightsholder Terms & Conditions
The following terms & conditions apply to the specific publication under which they are listed

Lab on a chip 
Permission type: Republish or display content 
Type of use: Thesis/Dissertation 

TERMS AND CONDITIONS

The following terms are individual to this publisher:

None 

Other Terms and Conditions:

 

STANDARD TERMS AND CONDITIONS

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication 
of one or more copyrighted works as described in detail on the relevant Order Confirmation (the “Work(s)”). Copyright 
Clearance Center, Inc. (“CCC”) grants licenses through the Service on behalf of the rightsholder identified on the Order 
Confirmation (the “Rightsholder”). “Republication”, as used herein, generally means the inclusion of a Work, in whole or in 
part, in a new work or works, also as described on the Order Confirmation. “User”, as used herein, means the person or 
entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a 
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person 
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been duly 
authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User, and (b) shall 
inform User of all such terms and conditions. In the event such person is a “freelancer” or other third party independent 
of User and CCC, such party shall be deemed jointly a “User” for purposes of these terms and conditions. In any event, 
User shall be deemed to have accepted and agreed to all such terms and conditions if User republishes the Work in any 
fashion.

3. Scope of License; Limitations and Obligations.

3.1 All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. 
The license created by the exchange of an Order Confirmation (and/or any invoice) and payment by User of the full 
amount set forth on that document includes only those rights expressly set forth in the Order Confirmation and in these 
terms and conditions, and conveys no other rights in the Work(s) to User. All rights not expressly granted are hereby 
reserved.

3.2 General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month. 
If you and we agree that you may establish a standing account with CCC, then the following terms apply: Remit Payment 
to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable upon 
their delivery to you (or upon our notice to you that they are available to you for downloading). After 30 days, 
outstanding amounts will be subject to a service charge of 1-1/2% per month or, if less, the maximum rate allowed by 
applicable law. Unless otherwise specifically set forth in the Order Confirmation or in a separate written agreement signed 
by CCC, invoices are due and payable on “net 30” terms. While User may exercise the rights licensed immediately upon 
issuance of the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been 
issued, if complete payment for the license is not received on a timely basis either from User directly or through a 
payment agent, such as a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is “one-time” (including the 
editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is subject to any 
and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included in the 
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall either 
secure a new permission for further use of the Work(s) or immediately cease any new use of the Work(s) and shall render 
inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the Work 
(except for copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4 In the event that the material for which a republication license is sought includes third party materials (such as 
photographs, illustrations, graphs, inserts and similar materials) which are identified in such material as having been used 
by permission, User is responsible for identifying, and seeking separate licenses (under this Service or otherwise) for, any 
of such third party materials; without a separate license, such third party materials may not be used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless 
otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows: “Republished 
with permission of [Rightsholder’s name], from [Work's title, author, volume, edition number and year of copyright]; 
permission conveyed through Copyright Clearance Center, Inc. ” Such notice must be provided in a reasonably legible font 
size and must be placed either immediately adjacent to the Work as used (for example, as part of a by-line or footnote 
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but not as a separate electronic link) or in the place where substantially all other credits or notices for the new work 
containing the republished Work are located. Failure to include the required notice results in loss to the Rightsholder and 
CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in 
the Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order Confirmation.  No Work may be 
used in any way that is defamatory, violates the rights of third parties (including such third parties' rights of copyright, 
privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene.  In 
addition, User may not conjoin a Work with any other material that may result in damage to the reputation of the 
Rightsholder.  User agrees to inform CCC if it becomes aware of any infringement of any rights in a Work and to cooperate 
with any reasonable request of CCC or the Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees 
and directors, against all claims, liability, damages, costs and expenses, including legal fees and expenses, arising out of 
any use of a Work beyond the scope of the rights granted herein, or any use of a Work which has been altered in any 
unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy or other 
tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, 
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF 
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO 
USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the 
total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total 
amount actually paid by User for this license. User assumes full liability for the actions and omissions of its principals, 
employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC HAS THE RIGHT TO GRANT TO USER 
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER 
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT 
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL 
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER 
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER 
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO 
GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of 
the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the 
license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of written 
notice thereof shall result in immediate termination of such license without further notice. Any unauthorized (but 
licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the 
Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated 
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be 
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three times 
the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's and/or CCC's 
costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and 
conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of 
notifying User of such changes or additions; provided that any such changes or additions shall not apply to permissions 
already secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online 
here:  http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or 
transfer to any other person (whether a natural person or an organization of any kind) the license created by the Order 
Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User may assign 
such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User’s rights in 
the new material which includes the Work(s) licensed under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The 
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its principals, 
employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in the 
Order Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in 
these terms and conditions or CCC's standard operating procedures, whether such writing is prepared prior to, 
simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the Order 
Confirmation or in a separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be governed by and construed under 
the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, 
suit, action, or proceeding arising out of, in connection with, or related to such licensing transaction shall be brought, at 
CCC's sole discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any 
federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order 
Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.If 
you have any comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to info@copyright.com.
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Sep 19, 2019

This Agreement between University of Alberta -- Dinara Zhalmuratova ("You") and
Springer Nature ("Springer Nature") consists of your license details and the terms and
conditions provided by Springer Nature and Copyright Clearance Center.

License Number 4672310979611

License date Sep 19, 2019

Licensed Content Publisher Springer Nature

Licensed Content Publication Journal of Elasticity

Licensed Content Title A New Constitutive Framework for Arterial Wall Mechanics and a
Comparative Study of Material Models

Licensed Content Author Gerhard A. Holzapfel, Thomas C. Gasser, Ray W. Ogden

Licensed Content Date Jan 1, 2000

Licensed Content Volume 61

Licensed Content Issue 1

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

Will you be translating? no

Circulation/distribution 1 - 29

Author of this Springer
Nature content

no

Title Reinforced Elastomer Composites and Metamaterials for Neo-aorta
Applications

Institution name University of Alberta

Expected presentation date Sep 2019

Portions Figure 14

Requestor Location University of Alberta
10907 65 Ave

Edmonton, AB T6H 1W1
Canada
Attn: University of Alberta

Total 0.00 CAD

Terms and Conditions

Springer Nature Customer Service Centre GmbH
Terms and Conditions

This agreement sets out the terms and conditions of the licence (the Licence) between you
and Springer Nature Customer Service Centre GmbH (the Licensor). By clicking

Permission for Figure 2.8
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'accept' and completing the transaction for the material (Licensed Material), you also
confirm your acceptance of these terms and conditions.

1. Grant of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order only.
Licences are granted for the specific use requested in the order and for no other use,
subject to the conditions below.

1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to license
reuse of the Licensed Material. However, you should ensure that the material you are
requesting is original to the Licensor and does not carry the copyright of another entity (as
credited in the published version).

1. 3. If the credit line on any part of the material you have requested indicates that it was
reprinted or adapted with permission from another source, then you should also seek
permission from that source to reuse the material.

2. Scope of Licence

2. 1. You may only use the Licensed Content in the manner and to the extent permitted by
these Ts&Cs and any applicable laws.

2. 2. A separate licence may be required for any additional use of the Licensed Material,
e.g. where a licence has been purchased for print only use, separate permission must be
obtained for electronic re-use. Similarly, a licence is only valid in the language selected and
does not apply for editions in other languages unless additional translation rights have
been granted separately in the licence. Any content owned by third parties are expressly
excluded from the licence.

2. 3. Similarly, rights for additional components such as custom editions and derivatives
require additional permission and may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for these
rights.

2. 4. Where permission has been granted free of charge for material in print, permission
may also be granted for any electronic version of that work, provided that the material is
incidental to your work as a whole and that the electronic version is essentially equivalent
to, or substitutes for, the print version.

2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time.

3. Duration of Licence

3. 1. A licence for is valid from the date of purchase ('Licence Date') at the end of the relevant
period in the below table:

Scope of
Licence Duration of Licence

Post on a website 12 months
Presentations 12 months
Books and
journals

Lifetime of the edition in the language
purchased

4. Acknowledgement
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4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in print.
In electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below.

5. Restrictions on use

5. 1. Use of the Licensed Material may be permitted for incidental promotional use and minor
editing privileges e.g. minor adaptations of single figures, changes of format, colour and/or
style where the adaptation is credited as set out in Appendix 1 below. Any other changes
including but not limited to, cropping, adapting, omitting material that affect the meaning,
intention or moral rights of the author are strictly prohibited. 

5. 2. You must not use any Licensed Material as part of any design or trademark. 

5. 3. Licensed Material may be used in Open Access Publications (OAP) before publication by
Springer Nature, but any Licensed Material must be removed from OAP sites prior to final
publication.

6. Ownership of Rights 

6. 1. Licensed Material remains the property of either Licensor or the relevant third party and
any rights not explicitly granted herein are expressly reserved. 

7. Warranty 

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

8. Limitations

8. 1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the following
terms apply: Print rights of the final author's accepted manuscript (for clarity, NOT the
published version) for up to 100 copies, electronic rights for use only on a personal website or
institutional repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/).

9. Termination and Cancellation

9. 1. Licences will expire after the period shown in Clause 3 (above).
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9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you. 

Appendix 1 — Acknowledgements:

For Journal Content:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

For Advance Online Publication papers:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].)

For Adaptations/Translations:
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

Note: For any republication from the British Journal of Cancer, the following
credit line style applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL
NAME] [REFERENCE CITATION (Article name, Author(s) Name),
[COPYRIGHT] (year of publication)

For Advance Online Publication papers:
Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK:
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year
of publication), advance online publication, day month year (doi: 10.1038/sj.
[JOURNAL ACRONYM])

For Book content:
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g.
Palgrave Macmillan, Springer etc) [Book Title] by [Book author(s)]
[COPYRIGHT] (year of publication)

Other Conditions:

Version  1.2
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Sep 18, 2019

This Agreement between University of Alberta -- Dinara Zhalmuratova ("You") and
Springer Nature ("Springer Nature") consists of your license details and the terms and
conditions provided by Springer Nature and Copyright Clearance Center.

License Number 4654580728330

License date Aug 23, 2019

Licensed Content Publisher Springer Nature

Licensed Content Publication Nature Reviews Materials

Licensed Content Title Flexible mechanical metamaterials

Licensed Content Author Katia Bertoldi, Vincenzo Vitelli, Johan Christensen, Martin van Hecke

Licensed Content Date Oct 17, 2017

Licensed Content Volume 2

Licensed Content Issue 11

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

3

High-res required no

Will you be translating? no

Circulation/distribution <501

Author of this Springer
Nature content

no

Title Reinforced Elastomer Composites and Metamaterials for Neo-aorta
Applications

Institution name University of Alberta

Expected presentation date Sep 2019

Portions Figure 2, 5, 6, 7

Requestor Location University of Alberta
10907 65 Ave

Edmonton, AB T6H 1W1
Canada
Attn: University of Alberta

Total 0.00 CAD

Terms and Conditions

Springer Nature Customer Service Centre GmbH
Terms and Conditions

Permission for Figure 2.10, 2.11, 2,12
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This agreement sets out the terms and conditions of the licence (the Licence) between you
and Springer Nature Customer Service Centre GmbH (the Licensor). By clicking
'accept' and completing the transaction for the material (Licensed Material), you also
confirm your acceptance of these terms and conditions.

1. Grant of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order only.
Licences are granted for the specific use requested in the order and for no other use,
subject to the conditions below.

1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to license
reuse of the Licensed Material. However, you should ensure that the material you are
requesting is original to the Licensor and does not carry the copyright of another entity (as
credited in the published version).

1. 3. If the credit line on any part of the material you have requested indicates that it was
reprinted or adapted with permission from another source, then you should also seek
permission from that source to reuse the material.

2. Scope of Licence

2. 1. You may only use the Licensed Content in the manner and to the extent permitted by
these Ts&Cs and any applicable laws.

2. 2. A separate licence may be required for any additional use of the Licensed Material,
e.g. where a licence has been purchased for print only use, separate permission must be
obtained for electronic re-use. Similarly, a licence is only valid in the language selected and
does not apply for editions in other languages unless additional translation rights have
been granted separately in the licence. Any content owned by third parties are expressly
excluded from the licence.

2. 3. Similarly, rights for additional components such as custom editions and derivatives
require additional permission and may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for these
rights.

2. 4. Where permission has been granted free of charge for material in print, permission
may also be granted for any electronic version of that work, provided that the material is
incidental to your work as a whole and that the electronic version is essentially equivalent
to, or substitutes for, the print version.

2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time.

3. Duration of Licence

3. 1. A licence for is valid from the date of purchase ('Licence Date') at the end of the relevant
period in the below table:

Scope of
Licence Duration of Licence

Post on a website 12 months
Presentations 12 months
Books and
journals

Lifetime of the edition in the language
purchased
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4. Acknowledgement

4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in print.
In electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below.

5. Restrictions on use

5. 1. Use of the Licensed Material may be permitted for incidental promotional use and minor
editing privileges e.g. minor adaptations of single figures, changes of format, colour and/or
style where the adaptation is credited as set out in Appendix 1 below. Any other changes
including but not limited to, cropping, adapting, omitting material that affect the meaning,
intention or moral rights of the author are strictly prohibited. 

5. 2. You must not use any Licensed Material as part of any design or trademark. 

5. 3. Licensed Material may be used in Open Access Publications (OAP) before publication by
Springer Nature, but any Licensed Material must be removed from OAP sites prior to final
publication.

6. Ownership of Rights 

6. 1. Licensed Material remains the property of either Licensor or the relevant third party and
any rights not explicitly granted herein are expressly reserved. 

7. Warranty 

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

8. Limitations

8. 1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the following
terms apply: Print rights of the final author's accepted manuscript (for clarity, NOT the
published version) for up to 100 copies, electronic rights for use only on a personal website or
institutional repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/).

9. Termination and Cancellation
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9. 1. Licences will expire after the period shown in Clause 3 (above).

9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you. 

Appendix 1 — Acknowledgements:

For Journal Content:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

For Advance Online Publication papers:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].)

For Adaptations/Translations:
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

Note: For any republication from the British Journal of Cancer, the following
credit line style applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL
NAME] [REFERENCE CITATION (Article name, Author(s) Name),
[COPYRIGHT] (year of publication)

For Advance Online Publication papers:
Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK:
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year
of publication), advance online publication, day month year (doi: 10.1038/sj.
[JOURNAL ACRONYM])

For Book content:
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g.
Palgrave Macmillan, Springer etc) [Book Title] by [Book author(s)]
[COPYRIGHT] (year of publication)

Other Conditions:

Version  1.2
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Sep 18, 2019

This Agreement between University of Alberta -- Dinara Zhalmuratova ("You") and John
Wiley and Sons ("John Wiley and Sons") consists of your license details and the terms and
conditions provided by John Wiley and Sons and Copyright Clearance Center.

License Number 4654580979643

License date Aug 23, 2019

Licensed Content Publisher John Wiley and Sons

Licensed Content Publication Advanced Materials

Licensed Content Title Snapping Mechanical Metamaterials under Tension

Licensed Content Author Damiano Pasini, Abdolhamid Akbarzadeh, Ahmad Rafsanjani

Licensed Content Date Aug 28, 2015

Licensed Content Volume 27

Licensed Content Issue 39

Licensed Content Pages 5

Type of use Dissertation/Thesis

Requestor type University/Academic

Format Print and electronic

Portion Figure/table

Number of figures/tables 1

Original Wiley figure/table
number(s)

Figure 4

Will you be translating? No

Title of your thesis /
dissertation

Reinforced Elastomer Composites and Metamaterials for Neo-aorta
Applications

Expected completion date Sep 2019

Expected size (number of
pages)

1

Requestor Location University of Alberta
10907 65 Ave

Edmonton, AB T6H 1W1
Canada
Attn: University of Alberta

Publisher Tax ID EU826007151

Total 0.00 CAD

Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work

Permission for Figure 2.13
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(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto
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NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU. 

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby. 

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.
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These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
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Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Sep 18, 2019

This Agreement between University of Alberta -- Dinara Zhalmuratova ("You") and John
Wiley and Sons ("John Wiley and Sons") consists of your license details and the terms and
conditions provided by John Wiley and Sons and Copyright Clearance Center.

License Number 4654590613905

License date Aug 23, 2019

Licensed Content Publisher John Wiley and Sons

Licensed Content Publication Advanced Materials

Licensed Content Title Recent Progress in Biomimetic Additive Manufacturing Technology:
From Materials to Functional Structures

Licensed Content Author Yong Chen, Qifa Zhou, Chi Zhou, et al

Licensed Content Date Jun 19, 2018

Licensed Content Volume 30

Licensed Content Issue 36

Licensed Content Pages 34

Type of use Dissertation/Thesis

Requestor type University/Academic

Format Print and electronic

Portion Figure/table

Number of figures/tables 4

Original Wiley figure/table
number(s)

Figure 1,2,3,4

Will you be translating? No

Title of your thesis /
dissertation

Reinforced Elastomer Composites and Metamaterials for Neo-aorta
Applications

Expected completion date Sep 2019

Expected size (number of
pages)

1

Requestor Location University of Alberta
10907 65 Ave

Edmonton, AB T6H 1W1
Canada
Attn: University of Alberta

Publisher Tax ID EU826007151

Total 0.00 CAD

Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work

Permission for Figure 4.2, 4.3, 4.7 
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(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license.
The first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto
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NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU. 

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby. 

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.
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These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
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Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Sep 19, 2019

This Agreement between University of Alberta -- Dinara Zhalmuratova ("You") and
Springer Nature ("Springer Nature") consists of your license details and the terms and
conditions provided by Springer Nature and Copyright Clearance Center.

License Number 4672311480820

License date Sep 19, 2019

Licensed Content Publisher Springer Nature

Licensed Content Publication Nature Reviews Materials

Licensed Content Title 3D printing of soft robotic systems

Licensed Content Author T. J. Wallin et al

Licensed Content Date May 4, 2018

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of
figures/tables/illustrations

1

High-res required no

Will you be translating? no

Circulation/distribution 1 - 29

Author of this Springer
Nature content

no

Title Reinforced Elastomer Composites and Metamaterials for Neo-aorta
Applications

Institution name University of Alberta

Expected presentation date Sep 2019

Portions Box 1

Requestor Location University of Alberta
10907 65 Ave

Edmonton, AB T6H 1W1
Canada
Attn: University of Alberta

Total 0.00 CAD

Terms and Conditions

Springer Nature Customer Service Centre GmbH
Terms and Conditions

This agreement sets out the terms and conditions of the licence (the Licence) between you
and Springer Nature Customer Service Centre GmbH (the Licensor). By clicking
'accept' and completing the transaction for the material (Licensed Material), you also
confirm your acceptance of these terms and conditions.

Permission for Figure 4.4
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1. Grant of License

1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order only.
Licences are granted for the specific use requested in the order and for no other use,
subject to the conditions below.

1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to license
reuse of the Licensed Material. However, you should ensure that the material you are
requesting is original to the Licensor and does not carry the copyright of another entity (as
credited in the published version).

1. 3. If the credit line on any part of the material you have requested indicates that it was
reprinted or adapted with permission from another source, then you should also seek
permission from that source to reuse the material.

2. Scope of Licence

2. 1. You may only use the Licensed Content in the manner and to the extent permitted by
these Ts&Cs and any applicable laws.

2. 2. A separate licence may be required for any additional use of the Licensed Material,
e.g. where a licence has been purchased for print only use, separate permission must be
obtained for electronic re-use. Similarly, a licence is only valid in the language selected and
does not apply for editions in other languages unless additional translation rights have
been granted separately in the licence. Any content owned by third parties are expressly
excluded from the licence.

2. 3. Similarly, rights for additional components such as custom editions and derivatives
require additional permission and may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for these
rights.

2. 4. Where permission has been granted free of charge for material in print, permission
may also be granted for any electronic version of that work, provided that the material is
incidental to your work as a whole and that the electronic version is essentially equivalent
to, or substitutes for, the print version.

2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time.

3. Duration of Licence

3. 1. A licence for is valid from the date of purchase ('Licence Date') at the end of the relevant
period in the below table:

Scope of
Licence Duration of Licence

Post on a website 12 months
Presentations 12 months
Books and
journals

Lifetime of the edition in the language
purchased

4. Acknowledgement

4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in print.
In electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
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