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ABSTRACT 
 

Nature-like designs inspired designers to adapt them in real-life 

applications due to their strength and optimal mechanical properties. In the current 

study, irregular Voronoi structures were prepared through using of Rhinoceros 

7\Grasshopper software. Both normal and elongated Voronoi designs (based on 

the columnar joints that exist naturally) were designed, having three separate 

models per each, homogeneous, gradient I, and gradient II are based on 

homogeneity and having a core inside the samples. Stereolithography (SLA) 

three-dimensional (3D) printing was used to fabricate biopolymer Plant-based 

materials to be prepared for mechanical testing. Generally, the experimental 

results showed that the proposed Voronoi designs with elongated structures have 

better mechanical properties. They are about 21% superior to the normal Voronoi 

structures in terms of resisting deformation and approximately 30 % in energy 

absorption. Hence, these designs are promising topologies for future applications. 

Moreover, the failure mode of the six structures occurred due to the collapse in 

three stages: the cells’ strut fracture, cell collapse, and eventually, fracture growth. 

In regard to the designed models, the homogeneous model type showed a higher 

stiffness and ultimate strength while the gradient I model exhibited a higher 

Young's modulus. Furthermore, the homogeneous and gradient II models showed 

a great energy absorption property. Besides, the gradient II model possessed the 

poorest mechanical properties due to its weak geometry design. Hence, this model 

is not preferred in lightweight-to-strength applications. 
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CHAPTER 1  

 
INTRODUCTION 

 

1.1 Natural Structures 
 

Cellular structures exist in nature such as bones of living things, honeycombs, 

and leaves (Gibson, Ashby and Harley, 2010). Generally, cellular structures are 

divided into foam (stochastic) and lattice structures (non-stochastic) based on the 

configuration of their unit cells, as shown in Figure 1-1. 

 

  

Figure 1-1 Classification of cellular structures (Park, Min and Roh, 2022) 

 

Non-stochastic lattice structures are periodic structures made of repetitive 

groupings of smaller units of cells. Periodic lattice structures are subdivided into the 

2D honeycomb and 3D truss (Wagner et al., 2019). The most popular periodic 
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cellular topologies are illustrated in Figure 1-2. On the other hand, the stochastic 

foam structures are divided into closed-cell structures and open-cell structures. 

Usually, in closed-cell foam structures, the cell walls are closed making the structure 

impermeable and nonporous. While open-cell structures have open cell walls that are 

typically made with an artificially inflated agent throughout manufacturing that 

allows fluids to pass through (Gibson LJ, 1997; Dossi, Brennan and Moesen, 2017). 

Voronoi tessellation is an important example of open-cell foam structures. 

 

 

Figure 1-2 Periodic Cellular Core Topologies (Wadley, Fleck and Evans, 2003). 

 

Due to the fact that open-cell foams are 3D structures composed of nodes and 

struts, it has been demonstrated that their performance is influenced by a variety of 

variables (Sun, Guo and Shim, 2021). Apart from the cell size (Cao et al., 2018), 

relative density (Alomarah et al., 2020), and variability in fabrication, the topology 

of the unit cell is a significant factor affecting the macroscopic mechanical behavior 

of foam structures (Bonatti and Mohr, 2017). The usefulness of foam could be 

increased further by combining it with a hybrid form, wherein the relative density or 

Tetrahedral 

Pyramidal 3D kagomé 

Diamond wave Hollow truss 

Egg-box 
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the unit cell topology of the structure is altered. Hybrid foam structures are classified 

into two types: (a) structurally or functionally graded foam structures; in which 

parameters such as relative density fluctuate as a gradient across the structure 

(Teimouri and Asgari, 2021), and (b) mixed topology foam structures, where 

topology of the structure varies between discrete unit cells (Li et al., 2020). 

Cellular structures are ubiquitous in nature as basic components. By 

incorporating their fundamentals into industrial design, they can improve some 

mechanical properties such as energy absorption and weight-to-strength ratio 

(Gibson LJ, 1997). Unit cell-based periodic designs in 2D or 3D arrays (Mullen et 

al., 2009) are common techniques for the construction of cellular structures, for 

instance, stochastic and complex geometries (Mullen et al., 2010; Yan et al., 2015). 

Besides, there are several factors that affect the features of cellular structures, 

including geometry, and material (Rehme, 2010). By virtue of their presence in 

nature, designers have recently resorted to taking advantage of nature and drawing 

inspiration from cellular structures found in nature for engineering designs where the 

resulting properties of these cellular structures can be tailored to meet desired 

engineering requirements. Nature provides many geometric shapes, such as regular 

geometries and irregular ones. Irregular geometries are based on Voronoi 

tessellation, with high specifications that exceed those that are made by humans 

themselves. 

 

1.2 Inspired Structural Designs from Nature 
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Outstanding designs of structural materials are occurs naturally at all scales, 

while conventional human-centered materials design necessitates optimizing factors 

such as strength and ductility, among numerous other examples, recent research has 

demonstrated that structures found in nature frequently break down those barriers, 

producing materials with vastly enhanced properties over anything designed by 

humans, as shown in Figure 1-3 (Bandyopadhyay, Traxel and Bose, 2021). These 

distinct properties have piqued the interest of researchers looking to uncover the 

secrets behind these structures in order to replicate the features required to 

incorporate these naturally occurring evolutionary advantages into science and 

technology (Tee et al., 2021). Nikkhah, Crupi and Baroutaji, (2020) proposed energy 

absorbing structures that have unique thin-walled structures bio-inspired by the 

microstructure of Morpho wings. In addition, in designing the on-water sports board, 

Aref Soltani et al., (2020) were inspired by the carbon atom configuration, 

honeycomb, and spider web, their work discovered that the bio-inspired, 

operationally classed honeycomb structure had the greatest bending performance. 

Moreover, Ghazlan et al., (2020) designed a demo model by finite element model 

based on Voronoi tessellation inspired by bone structure. The results showed a 

significant improvement in energy absorption by 69 %. 

3D Voronoi structures are the most common example of cellular structures. 

They are another attractive nature-inspired design that adds greatly to the 

development of mechanical properties of additive manufactured materials, especially 

in tissue engineering applications. Additionally, they are widely preferred in 

fabricating scaffolds as they can provide a biological environment that improves 

better cell proliferation (Sun et al., 2012). Recently, the concept of Voronoi 

tessellation has been used to generate the random properties of cell architectures. 

Moreover, there is the concept of the weight-to-strength ratio, which plays an 



 
 

5 
 

important role in engineering designs. Thus, in the realms of modern manufacturing, 

energy saving, and environmental protection, the lightweight design of porous 

structures is not only a vital issue but also a tough one. These advantages of porous 

architectures on the mechanical behavior can be attributed to the following (Herath 

et al., 2021): these structures have a large number of pores, the weight of products is 

reduced significantly, as the consumption of materials and energy is decreased. 

 

 
 

Figure 1-3 Examples of 3D-Printing innovation by mimicking natural materials and designs. a) 

bone inspired, and b) butterfly inspired (Nikkhah, Crupi and Baroutaji, 2020; Bandyopadhyay, 

Traxel and Bose, 2021). 

In addition, the porous structure can be efficiently modified to match the 

functionally gradient target by adjusting the pore size, pore distribution, pore shape, 

a) 

b) 
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and other characteristics. Eventually, it is identical to the natural porosity cellular 

structure, which has good qualities that allow cells to interconnect and grow. Saito 

et al., (2021) designed artificial wings based on Voronoi tessellation for a drone 

inspired by cicada insect wings, as indicated in Figure 1-4. This design provided 

lightweight and high-strength features for the wings which can be applied in aircraft 

applications in the future. 

 

 

 

Figure 1-4 Design of a drone inspired by the insect wing. a) and b) Wings of a cicada (Saito et 

al., 2021). 

 

1.2.1 Columnar joints 
 

Biomimetic concepts, which seek to derive natural inspiration for the 

development of new engineering technological solutions, can be used to construct 

innovative lightweight engineering structures. Diabase (Rhea, 2022) and basalt 

(Jiang et al., 2014) are among the most powerful stones in nature. Whereas they are 

strongest in compression (Diabase; 350 MPa and basalt; 300 MPa), tension (Diabase; 
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35 MPa and basalt; 30 MPa), and shear stress (60 MPa for both). Several studies 

have indicated that this strength possessed by these rocks is due to their geometrical 

structure. Figure 1-5 shows that these stones are columnar jointed, in other words, 

they have an elongated shape. This inspired us to implement this design in the 

lightweight-to-strength application and evaluate how the elongated Voronoi 

structure improves the mechanical properties for crashworthiness applications. 

Designing a lightweight and meantime a less dense structure having a geometry that 

provides improved mechanical properties, is the main objective of this research. 

Recently, Voronoi tessellation is widely used in lightweight applications. However, 

its mechanical properties are not satisfactory yet in some applications. Therefore, we 

made modifications to the cell geometry of the normal Voronoi tessellation, which 

lead to the enhancement of its mechanical properties to a great extent. 

 

 

Figure 1-5 Columnar jointed rocks. Reprinted/adapted with permission from (Rhea, 2022). 

1.2.2 Triangular Lattice Configurations  
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Triangular lattice configurations usually refer to the Voronoi tessellation 

(Gibson et al., 1999). Voronoi is a geometric diagram that reproduces irregular 

biomimetic cells that can be found in nature (Voronoi, 1908), such as on turtle shells. 

Voronoi tessellation has grown in popularity among scientists across a wide range of 

disciplines, starting from biology to mechanical design, due to its capacity to 

quantitatively describe natural models (Silva and Gibson, 1997; Vajjala, Kraynik and 

Gibson, 2000). The Voronoi tessellation approach is a good option to design 

stochastic cellular structures. It has been adopted by many researchers in their 

engineering designs, such as in B-spline fitting (Kou and Tan, 2010) or using the 

Voronoi diagram of ellipses to create free-support cellular structures (Lee et al., 

2018) due to excellence of Voronoi tessellation in technology. Because structural 

topologies (Alkhader and Vural, 2008; Schaedler et al., 2011) have a significant 

influence on the mechanical behavior of cellular structures, attempts have been 

devoted to developing deterministic materials with novel mechanical properties. 

Biomimetic patterns are created looking for ways to reduce the weight of 

structures while maintaining their structural integrity. Consequently, current 

mechanical design advancements have a strong bio-inspired influence. Meanwhile, 

biomimetic patterns are created by arranging either regular or irregular unit cells. 

Researchers used a variety of techniques to create bio-inspired lattice structures, such 

as Triply Periodic Minimal Surface (TPMS) (Bobbert et al., 2017) and Voronoi 

tessellation. Voronoi tessellation is an irregular geometric shape that can create 

engineering structures with controllable mechanical properties. Voronoi tessellation 

has grown in popularity among scientists across a wide range of disciplines, starting 

from biology to mechanical design, due to its capability to quantitatively describe 

natural models (Silva and Gibson, 1997; Vajjala, Kraynik and Gibson, 2000). 

Voronoi tessellation is a geometric diagram that reproduces irregular biomimetic 
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cells that can be found in nature (Voronoi, 1908), such as on giraffes, dragonfly 

wings, plant leaves, and so on. 

Voronoi diagram is suitable for creating 2D and 3D cellular structures. The 

process begins by forming the nucleation and then the growth of the bubbles. A 

Voronoi tessellation is obtained as a result of the random formation of all bubbles in 

space at the same time and growing at a similar linear rate (Klein, 1989). This means 

that the topology of the resulting Voronoi structure is unambiguously and totally 

defined by the seed points or the original distribution of the nuclei. One method for 

generating n-number of seed points is to distribute them at random over a predefined 

area 𝐴0 with no constraints, as shown in Figure 1-6. This method yields the Poisson 

distribution. Voronoi structures built using Poisson distribution have an irregular 

topology with great variability in cell size. Alternatively, the constraint that the 

distance between the two random millennium points is greater than a minimum 

predetermined value, 𝛿, can be imposed. This causes 𝛿-distribution, which results in 

a somewhat more uniform cell size distribution (Alkhader and Vural, 2008). For a 

reminder, what was mentioned above has been approved under the name of four 

assumptions: i) the bubbles form in a specific region of space at the same time, ii) 

during the growth, the nuclei of these bubbles remain fixed in the place, iii) growth 

occurs at a constant pace in all directions, and iv) when adjacent bubbles come into 

contact with one another, the growth is halted (Tekog̃lu et al., 2011). A perfectly 

regular point pattern yields a regular Voronoi diagram, but an irregular point pattern 

generates a random counterpart. Natural structures are not necessarily completely 

regular or completely irregular, and hence their configuration might be considered 

as falling between these two extremes. 
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Figure 1-6 Voronoi diagram parameters. 

 

Based on 𝛿 constraint, Zhu et al. (Zhu, Thorpe and Windle, 2001) put steps, 

as indicated in Figure 1-7 to describe parameters to determine the regularity of 2D 

Voronoi tessellations. To Begin with finding 𝑑0 which is represents the constant 

distance between each and every two neighboring seed points if an n-number of 

regular honeycombs are formed in the square unit area 𝐴0, then the equation to 

calculate the 𝑑0 is: 

 

𝑑0 =  (
2 𝐴0

𝑛 √3
)

1
2⁄

 (1-1) 

 

while Eq. (1-2) is given to determine the regularity parameter 𝛼. The least distance 

between each two seed points in a random Voronoi tessellation with n cells in area 

𝐴0 should be less than 𝑑0. Or else, obtaining n cells is impossible. To achieve a 

regular structure, the regularity parameter must be equal to 1 (𝛼 = 1), and 𝛿 =  𝑑0. 

Whereas 𝛼 = 0, and 𝛿 = 0 for a Poisson (fully random) Voronoi tessellation. 

seed 

vertex 

edge\ strut 

do 

𝐴0 



 
 

11 
 

𝛼 =  
𝛿

𝑑0
 (1-2) 

 

as previously mentioned, 𝛿 is the minimum distance between any two adjacent seed 

points. The nucleation and then the growth of bubbles is a common process in the 

formation of cellular solids. 

 

 

Figure 1-7 Two-dimension Voronoi tessellation generation steps. a) seed distribution, b) delauney 

triangulation, c) identification of the bisector lines, and d) Voronoi cellular structure (Jiao and 

Torquato, 2011; Angelucci and Mollaioli, 2018). 

 

1.3 Real-life Applications of Structural Design 
 

The world is witnessing the rapid and sudden development in the biomedical 

engineering curriculum. In the realm of orthopedics, bone tissue regeneration 

represents a major challenge. For example, osteoporosis and osteogenesis imperfecta 

can affect bone function, resulting in bone fractures that do not heal properly. The 

second most prevalent type of tissue transplantation is bone transplants 

(Lewandrowski et al., 2000), but if the injury surpasses the critical limit then cannot 

a) b) c) d) 
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be repaired by regeneration and existing clinical treatments are ineffective. Both 

allograft and xenograft graftings are considered elective therapies; nonetheless, each 

procedure comes with its own set of drawbacks, the most significant of which is the 

risk of graft rejection by the immune system (Kumar, 2006). New approaches are 

required to resolve the drawbacks of current bone grafting methods, such as tissue 

engineering or regenerative medicine, which hold promise for the reconstruction of 

bone fractures and the treatment of bone diseases (Fernandez-Yague et al., 2015). 

BTE techniques combine cells, scaffolds, and customized culture conditions 

including biochemical and physical stimulation (Hutmacher, 2006) which helps in 

the growth and repair of tissues and organs lost or flawed due to traumatic injuries 

(Vacanti and Langer, 1999). 

One of the common alternatives for the repair and functional reconstruction of 

injured and lost tissues such as bone is biological scaffolds. Whereas most scaffolds 

and implants used for bone replacement or fracture treatment are comprised of robust 

materials that provide excellent mechanical support (Fu et al., 2011; Jahani, Wang 

and Brooks, 2020). Where these scaffolds operate as a limited extracellular matrix to 

add support for cells, promoting the normal processes of tissue regeneration and 

evolution (Furth, Atala and Van Dyke, 2007; Habraken, Wolke and Jansen, 2007; 

Lee and Shin, 2007). The conventional techniques for scaffold fabrication include 

solvent casting, fiber bonding, particulate leaching, and melt molding (Widmer and 

Mikos, 1998). However, these techniques require great effort and take a lot of time, 

with the relatively poor quality of the product. Karp et al., (2003) fabricated a 

scaffold by using individual molds. The beginning of industrialization was the 

manufacture of a macroporous scaffold block. Then a stainless-steel cutting device 

was used to make the pores, as shown in Figure 1-8. 
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Figure 1-8 Conventional techniques for scaffold fabrication. a) scaffold block, b) cutting tools, 

and c) pores making for the scaffold (Karp et al., 2003). 

 

The advent of additive manufacturing processes facilitated the process of 

manufacturing scaffolds, especially those based on complex shapes such as Voronoi 

structures. Picking a suitable geometry structure and the correct material that can be 

3D printed successfully are critical aspects of the scaffold's ability to execute its 

function similarly to the genuine bone.  Uí Mhurchadha et al., (2021) manufactured 

a new 3D printed scaffold structure based on Voronoi tessellation using Ti-6Al-4V 

ELI material. Although the results showed an improvement in mechanical properties, 

the use of a bio metal continues to corrode in the body to some extent, so it cannot 

be considered biocompatible in general. In addition, it requires secondary surgery 

later to remove it at the end of its functional life.  
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1.4 Mechanical Properties of the Natural Inspiration Designs 
 

The researchers and designers should choose the right structure designed with 

precise specifications, including geometry and size, to achieve the desired properties 

compatible with the external load effects. In this regard, both regular and irregular 

structures for scaffold fabrication have gained attention in the literature.  

Open-cell cellular structures have attracted a lot of interest from researchers 

due to their appealing mechanical characteristics, such as high stiffness, high 

strength, low weight, and high energy absorption (Dong, Deshpande and Wadley, 

2015). Figure 1-9 demonstrate that structures based on open-cell are consisting of 

nodes and struts, and they typically classified according to their topology as bending-

dominated or stretch-dominated, which in turn influence their mechanical properties. 

Mechanical properties depend on the relative density, the constituent materials 

characteristics, and the geometry design (architecture) of the structure. Open-cell 

cellular structures that are stretch-dominated have a higher modulus than of a 

bending-dominated structures with the same relative density. Thus, they are preferred 

in some engineering applications compared to those of bending-dominated cellular 

structures. Nonetheless, they are less desirable in lightweight and energy absorption 

applications in compression because they have a weakening post-yield response due 

to strut buckling, at variance to the structures that are bending-dominated 

(Deshpande, Ashby and Fleck, 2001). Hence, bending-dominated structures are 

preferred for applications require compression resistance.  
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Figure 1-9 An illustration of, a) bending-dominated structure, and b) stretch-dominated structure 

(Alghamdi et al., 2020). 

 

1.5 Crashworthiness Parameters 
 

According to the definition of energy absorption and the peak load obtained 

from a quasi-static test, the average load is described as one of the factors that 

determine absorbed energy capability. Crashworthiness parameters which are known 

as energy absorption. Energy absorption capability is classified into volumetric 

energy absorption (VEA), total energy absorption (TEA), and the specific energy 

absorption (SEA). SEA is the cross-section area where the material is in contact with 

the upper edge plate during the deformation (Fazita et al., 2019). In general, it was 

concluded that the type of design has a crucial effect on the crashworthiness 

parameters. It can distinctively notice that the crushing force of the Voronoi 

structures is high, which is compatible with the fact that the Voronoi tessellation is 

based on the triangular lattice configuration, which is the particular stiffest geometric 

topology (Gibson et al., 1999).  

To further comprehension of the mechanical response of the Voronoi 

structures, the deformation patterns of the Voronoi structures are shown in Figure 
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1-10. The deformation shows a Y-shaped joint and an X-shaped joint. When the 

material was compacted, these joints revolved around the cross-center throughout 

the compression process until they were crushed. Ordinarily, the rotation of the X-

shaped joint could absorb more energy than the rotations of the Y-shaped joint (Yin 

et al., 2018).  

 

 

Figure 1-10 Deformation pattern of the 3D: a) normal Voronoi structures, and b) elongated 

Voronoi structures. 

 

1.6 Failure Modes of Structures 
 

The Voronoi structures’ deformation mode is strictly correlated with the 

average crushing force (Papka et al., 1998). Therefore, understanding the 

deformation mechanisms of Voronoi structures is essential. Failure mode involves 

three subsequent stages of failure starting from the fracture of the cells’ strut, cell 

collapse, and finally, fracture growth (Sienkiewicz et al., 2020). 
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1.7 Additive Manufacturing Techniques 
 

AM is a kind of innovation that automatically creates physical models from 

CAD data which operates on a layer-by-layer basis (Ashley, 1991). One of the 

earliest AM processes is rapid prototyping (RP) that are not similar to subtractive 

processes, for example, milling, grinding, and lathing, in which material is expelled 

during the manufacturing process. Figure 1-11 shows the growth rate of the RP 

process from 1995 to the 2010 year according to the  Wohlers, (2012) report. The 

chart clarifies that the growth rate reached 24.1 % in 2010. In addition, until 2010, 

the industry’s annual rate of growth was 26.2 %. This indicates the wide area 

occupied by the RP process in the printing of 3D objects. The parts are formed by 

the accumulation of layers shaped in a 2-dimensional x - y axis plane in a precise 

manner of all commercial RP forms. Whereas the Z axis is the third dimension 

created by stacking individual layers on top of one another, but not as a continuous 

z-coordinate. As a result, the models are extremely accurate in the x - y axis plane 

but exhibit stair-stepping behavior in the z-direction. If the model is built up with 

fine layers, i.e., with less z - stepping, the model appears to be unrivaled (Puppi et 

al., 2010). 
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  Figure 1-11 Growth of RP process (Wong and Hernandez, 2012). 

 

RP process, as a generative manufacturing process, is divided into two chief 

process steps: the generation of mathematical layer information and the generation 

of physical layer models. In general, RP processes begin with a three-dimensional 

computer model of the component to be manufactured. Computer software slices this 

digital representation of the part into virtual layers. Each layer, which represents a 

cross-section of the desired part, is sent to the RP machine and constructed on top of 

the previous layer. This process of layering the part from the bottom up is repeated 

until the part is complete. RP systems combine powder, liquid, or sheet materials 

layer by layer to form physical objects. In addition, certain processes employ thermal 

energy generated by a laser or electron beams, while others employ inkjet-type 

printing heads to precisely spray binder or dissolvable onto powdered ceramic or 

polymer. These technologies are essentially similar in that they combine and link 
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materials in layers to create objects (Prakash, Nancharaih and Rao, 2018). The stages 

of the AM process are summarized in Figure 1-12. The beginning is drawing a 3D 

model with appropriate software with the required dimensions. Then, the drawn 

model file should be saved in the standard tessellation language (STL) format that 

can be imported into the 3D AM printer which automatically the printer program 

starts to slice the model to be capable of identifying by the printer. The method of 

creating an STL file mostly involves converting the geometry contained in a CAD 

file into a set of tiny triangles, or a triplet list of coordinates for x, y, and z together 

with the basic vector for the triangles (Wong and Hernandez, 2012). 

 

 

Figure 1-12 3D printing process. 

 

1.7.1 AM Techniques 
 

AM techniques can provide a great degree of control over the design of the 

manufactured structures, which is perfect for swiftly producing prototypes by AM. 

Because of the dependency of the 3D printing’s cost on the following: printing 

technique, the material used, and the quantity printed; it has been described as it is 

both pros and cons (Martelli et al., 2016; Nadagouda, Ginn and Rastogi, 2020). 

Additional obstacles to the widespread use of 3D printing also include the inability 

to create monumental structures, the presence of print defects, and a limited selection 

of materials that are compatible with 3D printing (Ngo et al., 2018). Besides these 

drawbacks, there are also essential advantages and benefits such as low cost, no need 

for molds, parts with complex geometry can be produced easily, as well as minimum 

Software 3D 

design 

 

STL file 
Slicing the 

STL file 
3D printing 3D objects 
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waste material, measurement accuracy, and there is no requirement for subsequent 

operations. Nowadays, 3D printing technologies can be used in a variety of 

industries, including aerospace, implant applications, and automotive (Çevik and 

Kam, 2020). 

Traditionally, the most widely used AM techniques for fabrication have been 

categorized into four types based on their manufacturing principle, as illustrated in 

Figure 1-13: 

 

a) Powder based technique, including Selective Laser Sintering (SLS) and 

three-dimensional printing (3DP) (Hutmacher, Sittinger and Risbud, 

2004; Mota et al., 2015). 

 

b) Solution extrusion-based technique, including Low Temperature 

Deposition Manufacturing (LTDM). 

 

c) Melt extrusion-based technique, including Fused Deposition Modelling 

(FDM) (Popescu et al., 2018), and (d) photosensitive based technique, 

such as stereolithography (SLA).  
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Figure 1-13 Classification of Additive Manufacturing techniques commonly used in 3D printing. 

 

 Each technology operates on a distinct principle. For instance, SLS creates 

three-dimensional parts by using laser energy to heat powder particles in a selectively 

way, which causes them to fuse together. The particles that have joined together then 

harden into a 3D body (Charoo et al., 2020). While 3DP technique which originated 

at the Massachusetts Institute of Technology in the early 1990s, is focused on the 

controlled deposition of a binder material on a powder bed through an inkjet head 

(Sachs E, 1990). One of the most popular defects of these techniques is the associated 

high porosity for the final printed part, powdered surface, binder contamination, and 

expensive despite the good strength, high quality,  and easy removal of support 

powder (Wang et al., 2017). 

Another common technique is LTDM based on solution extrusion. It is a 3D 

printing technique based on material extrusion and Thermally Induced Phase 

Separation (TIPS). TIPS dissolves polymer into solvents to create a homogeneous 
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solution. The polymer solution is then heated to a temperature higher than its melting 

points. Hence the solution is then cooled to the required quenching temperature. 

Through the cooling process, the homogeneous solution separates into two phases. 

Eventually, solvents are extracted using a freeze extraction method. However, there 

are some obvious flaws such as the limited height of printable objects (Liu et al., 

2019). Therefore, a new AM process was developed which based on melting 

extrusion, one of these processes is the FDM technique. It is a widely viable additive 

manufacturing process that was created in 1992 for the quick production of industrial 

prototypes by (Crump, 1992) due to its simplicity of usage, low cost, and suitability 

for processing standard thermoplastic polymers such as ABS, PLA, and Nylon 

(Mohan et al., 2017). However, FDM usage is restricted with dimensions greater than 

1 cm because of the principle that is built on the extrusion of a polymeric filament 

through a heated nozzle. In addition, the nozzle clogging and anisotropy (Wang et 

al., 2017). Stereolithography (SLA) is the most precise technique that is used in 

manufacturing a complex geometry with a small size. 

 

1.7.1.1 Stereolithography Technique 
 

SLA is the earliest, most developed, and most precise technique among all 

additive manufacturing techniques, having been adapted to a variety of applications 

(Melchels, Feijen and Grijpma, 2010; Chen et al., 2019). SLA, as presented in Figure 

1-14, is a widely viable additive manufacturing process that was created in 1986 for 

the quick production of industrial prototypes by Charles Hull (Charles W. Hull, 

Arcadia, 1986). Stereolithography is based on a process of curing liquid resin with 

light. The liquid resin is put into a reservoir, and a laser is moved over the surface of 

the resin to start photo polymerization. This hardens the resin and turns it from a 

liquid to a solid, usually through a chemical process called cross-linking. (Manapat 
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et al., 2017). A platform is dropped into the resin, causing the platform’s surface to 

be a layer thicker than the resin’s surface. After a layer of resin is hardened, the 

platform drops a distance with one layer, and the solidification process is performed 

repeatedly layer by layer until a solid 3D item is created (Wang et al., 2016). The 

movement of the laser beam controls the pattern generation of each layer (Quan et 

al., 2020). Which makes it precise enough to print items with intricate structures and 

tiny dimensions. 

 

 

Figure 1-14 The main principle of stereolithography (SLA) (Gross, Lockwood and Spence, 2017). 

 

SLA was employed in a wide range of applications, from consumer goods 

prototyping to printing living tissues. SLA is still a significant printing process that 

has applications in numerous fields, including dentistry, automotive, toys, aerospace, 
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etc. (Asif, 2017). Additionally, SLA has been applied in a variety of bioanalytical 

applications such as microfluidic devices and BTE including implants and scaffolds 

(Lee et al., 2015; Alessandri et al., 2016). The road was paved for researchers to print 

nanocomposites using 3D SLA technology by (Weng et al., 2016). 

In addition, SLA ensures fabricating objects based on very small dimensions 

with complex shapes such as biological scaffolds that form in a specific geometry 

and include a high percentage of tiny porosities. Recently, researchers depend on the 

Voronoi tessellation in designing and fabricating scaffolds because it can provide the 

required porosity with high resolution that easily deals with SLA technique.  

SLA 3D printing is preferred by engineers due to its final part precision, 

smooth surface finish, and mechanical characteristics such as isotropy and material 

adaptability. One of the best benefits of the SLA method is that it has the smoothest 

surface finish among of all AM methods, as illustrated in Figure 1-15, and can make 

pretty accurate measurements within ∓ 0.1 mm (Chua, Leong and Lim, 2010). 

However, it requires a great deal of time for post-processing, shrinkage inaccuracy 

due to hardening, supporting structural requirements, and the printing speed 

decreases as the sample size is larger (Liou, 2007; Manoharan et al., 2013). 

Moreover, specific types of materials that fit the requirements and limitations of 3D 

printing.  
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Figure 1-15 An illustration of the difference in surface roughness of the final 3D printed part 

between the SLA and FDM technique (Formlabs, 2022). 

 

Despite the widespread use of additive manufacturing in many fields due to 

the aforementioned advantages, choosing this process to manufacture a product is 

not a trivial task. Closely related to the choice of the type of material used in the 

manufacture, since not all materials can be compatible with the selected AM 

technique. Polymer resins are commonly preferred in the SLA additive 

manufacturing technique for easy compatibility.  

 

1.8 AM Printing Materials 
 

Biopolymers are polymers made or obtained from living creatures such as 

plants and microorganisms and most (not all) of them are biodegradable. Renewable 
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resources make up the bulk of biopolymer production (Kandola, 2012). Mechanical 

behavior, compatibility, cost, stability, and availability are all factors to consider 

when selecting a biopolymer for 3D printing (Christian, 2016). Biopolymers can be 

categorized on different scales as shown in Figure 1-16. 

 

 

 

 

 

 

 
 

 

 

 
 

 

Figure 1-16 Categorization of biopolymers (Vedantu, 1800). 

 

Synthetic biopolymers are the most popular used biopolymers in additive 

manufacturing. They are divided into non-degradable and degradable polymers. 

Reddy, Misra and Mohanty, (2012) reported that to manufacture higher-grade 

polymers, researchers have begun to use genetically engineered crops. Conventional 

petro-polymers are increasingly being replaced by polymers made from renewable 

resources due to environmental anxieties, including pollution, the depletion of fossil 

resources, greenhouse gases, and gas emissions (Jenck, Agterberg and Droescher, 

2004; Kümmerer, 2007). Microorganisms break down biodegradable polymers into 

water and CO2, and they can be composted and will decompose within a half year. 

Biopolymers 

On the type-based On the origin-based 

1. Starch-based biopolymers. 

2. Sugar-based biopolymers. 

1. Microbial: generated by microbes. 

2. Natural: biologically produced by 

living creatures. 
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renewable resources. 
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While the film of the biopolymer must not exceed 20 μm such as Polylactide acid 

(PLA) (NNFCC, 1945). 

PLA has been a leader in these biopolymers that deal with AM because of its 

favorable mechanical qualities, renewable, easily 3D fabricated with complex 

geometries, and biodegradability (Tokiwa et al., 2009). In addition, it is a 

thermoplastic that has a high Young’s modulus and strength (Garlotta, 2001; Auras, 

Harte and Selke, 2004; Raquez et al., 2013). Despite the wide uses and features 

required by engineers, the high price is the biggest challenge facing synthetic 

biopolymers (Reddy, 2013). 

Therefore, lately, scientists tend to use naturally produced biopolymers 

widely. Because of their non-toxicity, environmentally friendly features, wide 

variety, and low cost. Bio-degradable-based materials have been presented as an 

efficient alternative (Sadeghi et al., 2018). Natural biopolymers can be produced 

from vegetable oils and proteins, for instance, soybean oil and linseed oil (Khot et 

al., 2001; Netravali, Huang and Mizuta, 2007). Recently, researchers are seeking to 

introduce natural plant-based resins into the additive manufacturing field for easy 

compatibility with 3D printers, and low cost. The main component of plant-based 

resin is soybean oil.  

 

1.9 Problem Statement 
 

3D structural engineering are oftentimes used to resist the external load in 

numerous applications due to their desirable mechanical properties such as 

compression resistance and high strength-to-weight ratio (Zenkert, 1997). However, 

the usage of these structures is restricted in a few engineering applications such as 

biomedical due to their rather low compression Young's modulus and stiffness. 
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Hence, the improvement of these compression resistance has been the subject of an 

extensive investigation by researchers. 

Several solutions have been proposed to enhance compression resistance, the 

most important of which is topology and geometry modification. Many topologies 

were investigated such as non-stochastic-lattice (McShane et al., 2006) and 

stochastic foam (Martínez, Dumas and Lefebvre, 2016; Liu et al., 2021). Foams are 

classified into several groups, Voronoi tessellation is the most recent popular group. 

Voronoi-based structures have received a wide attention from researchers in various 

fields, especially in lightweight applications. Numerous studies have been conducted 

on traditional Voronoi tessellation. Soro et al., (2022) investigated 3D fabricated 

biomedical implants based on 3D Voronoi lattice. Their work demonstrated the 

effectiveness of the Voronoi structure in improving the compression properties, 

particularly in elastic admissible strain. However, it failed when subjected to 

buckling, demonstrating the structure’s inherent weakness. In addition, the 

theoretical and numerical blast responses of 3D Voronoi-based with a graded density 

cellular materials were investigated by (Lan et al., 2018). The results indicated an 

obvious improvement in compression properties. Nonetheless, the improvement in 

compression properties remains insufficient to balance strength to weight ratio. 

Furthermore, the state of the studies has proven that the majority of conventional 

Voronoi structures lack of mechanical properties such as compression strength (Liu, 

Lim and Teoh, 2013). Previous studies commend that researchers have conducted 

research on irregular porous structures in an effort to develop engineering structures 

with medicinal efficacy. However, the design strategy for precisely managing the 

mechanical properties of the structure has flaws. 

Therefore, choosing an appropriate topology to enhance the mechanical 

characteristics of a structure is a crucial matter. The cell geometry of the normal 
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Voronoi-based tessellation has been slightly modified in the current work, and the 

new structure was named Irregular Elongated Voronoi-based tessellation. The cell 

struts of the new design interconnect with each other in the form of (X) joints more 

than in normal Voronoi-based tessellation, which is characterized by high energy 

absorption (Yin et al., 2018). Correspondingly, a great enhancement in mechanical 

properties is expected. The modification of the cell topology is carried out by several 

3D software such as nTopology (NTopology, 2022), MATLAB (Pelanconi et al., 

2020), Voxel-mesh (Owen et al., 2017), and Rhinoceros 7\Grasshopper (Wang et al., 

2018). Nowadays, Rhinoceros 7\Grasshopper is the most used software in generating 

Voronoi tessellation-based objects, because it focuses on creating computer graphics 

that accurately portray Voronoi curves and uses fewer plugins to facilitate the 3D 

printing process. González et al., (2023) used it in their work in designing a 

cylindrical scaffold to assure optimum mesh. Accordingly, choosing Rhinoceros 

7\Grasshopper to design the proposed models in the current research will be the most 

appropriate choice. 

 

1.10 Research Aim and Objectives 
 

The main aim of the current study is to design a lightweight and meantime less 

dense structure having a geometry that provides improved mechanical properties 

such as compression resistance. Following is the objective of this research: 

 

• Topology modification of the normal Voronoi structure by making a 

modification to the cell geometry. 
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• Propose and design three different 3D models for each normal and elongated 

Voronoi structure by using a suitable 3D software based on the cell geometry 

optimization. 

 

• Manufacturing the proposed 3D Voronoi structures by 3D printing, using bio 

polymeric material. 

 

• Defines the best structural design which achieves the highest compressive and 

energy absorption properties. 

 

1.11 Thesis Plan 
 

The research plan has been summarized in Figure 1-17. The work of the study 

can be broken down into three stages: bio-inspiration, sample preparation, and 

mechanical testing. In the first stage, the engineering design was inspired by existing 

natural designs due to their high strength and rigidity. 

In the second stage, the samples are prepared, which in turn is divided into two 

parts: firstly, design the models through using the 3D Rhinoceros software, in which 

the challenge was to design six samples having similar volume and density. 

Secondly, is the manufacturing part, where the six samples were manufactured by 

the method of SLA 3D additive manufacturing. 

In the third stage, the samples are ready to be subjected to compression testing 

in order to investigate their mechanical properties and thus select and recommend 

the best design to be used for lightweight applications.  
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Figure 1-17 Research objective. 
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1.12 Limitations 
 

AM technology was used to fabricate the designed samples to be subjected to 

the experimental testing in order to study the mechanical properties. The most 

significant limitations of this research are the lengthy time required to obtain highly 

acutely three-dimensional samples (which can take up to 3 days). In addition, a 3D 

printing printer, the material, and compression test apparatus availability. 

 

1.13 Thesis Outline 
 

Chapter one provided an overview of the study, problems and gaps, and the 

main goals and objectives of this research. Followed by chapter two, a 

comprehensive review of previous studies has been conducted for the main 

determinants of the current research in terms of the methodology used, the 

composition and mechanism of action of biopolymer 3D printing, as well as many 

indications of their use in engineering applications. 

Chapter three includes the research methodology, as well as the testing 

procedures that were conducted, including the sample preparation process from the 

design stage to the printing, and finally toward mechanical testing. 

Chapter four discusses the results obtained theoretically and practically from 

the experimental testing and analyzes and compares the data. Finally, in chapter five, 

the conclusion of this research work and recommended ideas for future work are 

presented. 
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CHAPTER 2  
 

LITERATURE REVIEW 

 

2.1 Introduction 
 

This chapter deals with a summary of the previous conducted studies on the 

basic terms and expressions of this research. Section 2.2 addresses an overview of 

the nature inspiration designs and discusses the varieties of designs that found their 

way into engineering applications. The most important is the topic of Voronoi 

structures which is explained in section 2.3. In addition, most importantly, the 

compression properties achieved from nature inspired designs are explained in 

section 2.4. A brief overview of additive manufacturing and techniques explained in 

section 2.5, followed by the basic material used in this research in section 2.6. 

Eventually, the failure modes of the cellular structures are mentioned in section 2.7 

followed by the summary of this chapter in section 2.8. 

 

2.2 Bio-inspiration 
 

The development of a unit cell model utilizing dissimilar regular polyhedrons 

is involved in rule-based geometry design. Chua et al., (2003) used the regular form 

in the manufacture of scaffolds of different shapes. Where it was found that some of 

these geometries have poor compression properties and others have complex surfaces 

that are difficult to fabricate. This lead Gómez et al., (2016) to be inspired to use the 

Voronoi diagram polygon approach to create a 3D porous scaffold model with 

internal connectivity. It was observed that the irregular-based design has the benefit 

over a wide range of geometric shapes and can be utilized to build a parameterized 
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mathematical model. As a result, it is being used in the creation of cellular models 

(Kapfer et al., 2011). 

Because structural topologies have a significant influence on the mechanical 

behavior of cellular structures, attempts have been devoted to developing 

deterministic materials with novel mechanical properties (Alkhader and Vural, 2008; 

Schaedler et al., 2011). Do, Nguyen and Choi, (2021) highlighted the great 

effectiveness of the Voronoi structure in cases of structural stability with variable 

load directions and durability with local flaws. Bone, by its nature, has a high 

strength in order to withstand sudden shocks and stresses, and from microscopic 

studies, it was found that this force is widely distributed on the edges, which is what 

inspired us to design scaffolds that are graded in the structure in terms of stress 

distribution. Zhao et al., (2021) proposed a gradient scaffold structure based on the 

Voronoi tessellation method. The results showed that a structure with an irregular 

and gradient design has better performance in mechanical properties, where all 

density gathers at the edges, providing optimum structural support for the structures 

(Jang et al., 2014; Xu et al., 2014) and it provides a stiffer geometry which is 

confirmed by Finite Element Analysis (FEA) (Öncel and Yaman, 2019). 

 

2.3 Voronoi Tessellation 
 

Numerous studies have been conducted by researchers using two-dimensional 

(2D) (Zhu, Thorpe and Windle, 2001, 2006; Tekog̃lu et al., 2011; Bouakba, Bezazi 

and Scarpa, 2012) and 3D (Li and Tanaka, 2018; Kladovasilakis, Tsongas and 

Tzetzis, 2020; Uí Mhurchadha et al., 2021) Voronoi cellular structures. Sotomayor 

and Tippur, (2014) investigated the effect of both cell irregularity and relative density 

variation on the mechanical properties of random honeycombs using Voronoi 
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diagrams. An improvement in stiffness of 66% was recorded when the irregular 

Voronoi structure replaced the regular one. Contrarily, the plastic collapse strength 

is directly related to the regularity. Nevertheless, with the increase in relative density, 

a similar collapse strength was observed for irregular and regular structures. These 

results were further confirmed by Do, Nguyen and Choi, (2021) when they observed 

a 150% increase in the stiffness when they replaced a regular Voronoi structure with 

an irregular substructure. In addition, they highlighted the great effectiveness of the 

Voronoi structure in cases of structural stability with variable load directions and 

durability with local flaws. In addition, Lei et al., (2020) proposed an innovative 

parametric approach for designing Voronoi-based lattice structures is presented to 

control the porosity. In another work, Deering et al., (2021) studied the anisotropy 

and durability of the struts for a structure selective Voronoi tessellation-based. 

Additionally, Voronoi-based structures provide a lower mass that desired in 

lightweight applications (Piros et al., 2023). 

Nonetheless, the mechanical properties of the Voronoi tessellation structures 

are poorly studied which most of these studies based on finite element simulation 

due to difficulties in the 3D printing fabrication and cost of testing. Fantini, Curto 

and De Crescenzio, (2016) proposed a method to design 3D scaffolds for Bone 

Tissue Engineering (BTE) based on Voronoi lattice structure utilizing Rhinoceros 

7\Grasshopper software. However, their method is restricted to cubic shape 

geometry. While a numerical evaluation of the biomimetic capabilities of the 

Voronoi-based cellular microstructure was presented by (Frayssinet, Colabella and 

Cisilino, 2022). Researchers and designers are always looking for ways to reduce the 

weight of structures while maintaining their structural integrity. Consequently, 

current mechanical design advancements have a strong bio-inspired influence. 

2.4 Compression Properties 
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The irregular open-cell porous structure ensures uniform stress distribution 

over regular porous structures (Wu et al., 2022). Open-cell foam structures are based 

on bending-dominated. Therefore, they have been used extensively lately as enable 

the creation of structures with low weight and high energy absorption (Pan, Han and 

Lu, 2020). Numerous application requirements can be met by adjusting the topology 

of the unit cells (Sigmund, 2000; Bendsoøe and Sigmund, 2007). 

One common way to modify the topology is to change the degree of regularity 

of the standard honeycomb until the desired Voronoi cell is obtained which can 

enhance some mechanical property; for instance, Young's modulus and stiffness 

(Lakes et al., 1987). The advent of a range of new manufacturing techniques that 

permit topology control has accelerated the evolution of cellular core panel 

structures. Few attempts were being carried out with the goal of developing cellular 

structures that can actively modify their mechanical characteristics. For example, 

Niknam and Akbarzadeh (2020) fabricated gradient-type cellular structures with 

different topologies to study and evaluate the response of the 3D printed cellular 

structures exposed to a compressive force. Beyond a noticeable improvement in the 

stiffness and strength, cellular structures offered a decrease in the weight of the 

structure that required in some applications. Simultaneously, a 69 % increase in 

energy absorption for an open-cell cellular structure was observed compared to the 

other designs by (Ghazlan et al., 2020). 

Ahmadi et al., (2015) investigated the relationship between the relative density 

and compressive properties for six kinds of regular scaffolds structures based on 

different unit cell configurations (cubic, diamond, truncated cuboctahedron, 

truncated cube, rhombic dodecahedron, and rhombi cuboctahedron). In their study, 

the geometry of the cell has an obvious influence on the compressive strength and 

stiffness of 3D-printed samples. Similarly, the work done by Kantaros, Chatzidai and 



 
 

37 
 

Karalekas, (2016) clearly shows the dependence of the mechanical properties of 

scaffolds on the type of unit cell and the unit cell dimensions. Additionally, the 3D 

truss architecture of the regular scaffold was designed by Shirzad et al., (2021) and 

they optimized their mechanical and physical properties by the Response Surface 

Methodology (RSM). In other work, Babaee et al., (2012) studied the role of 

irregularity of the open-cell Voronoi structure by finite element models. They found 

that the effective elastic modulus of the Voronoi structure increases with increasing 

the level of irregularity. Furthermore, an irregular Voronoi structure of about 66 % 

is stiffer than a regular one under compression response. Additionally, the strength 

collapse of the regular structure is higher than that of the irregular structure by about 

50 % with the same relative density of 3 % (Sotomayor and Tippur, 2014). 

Van et al., (2021) reported that the extensions of cell struts enhance the 

microstructures in addition to the moderate spacing of the cells from each other 

Wang and Han, (2016). Nevertheless, more stretching of the cells will show low 

levels of anisotropy (Frayssinet, Colabella and Cisilino, 2022). Furthermore, the 

increase in the number of seed points, the total surface area increases, hence the 

average shear stress of the Voronoi cells' walls increases (Paz et al., 2022). 

On the other hand, porosity is an essential parameter during design, as 

previous studies showed the extent to which mechanical properties are related to 

porosity. In this regard, Zhu et al., (2021) conducted a study on the effect of porosity, 

as they designed irregular scaffolds structures with different porosities. The results 

demonstrated that the mechanical property especially elastic modulus decreases as 

the porosity increases, as illustrated in Figure 2-1. While Du et al., (2019) compared 

the regular and irregular structures. In their study, the results showed that the 

irregular structure has superior development potential compared to the regular 

structure. Certainly, a simple change in the cell geometry of a regular structure leads 
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to an overall change in structure and an opportunity to improve mechanical 

properties. Studies in the literature revealed that in addition to the aforementioned 

parameters, mechanical properties are greatly affected by the way of fabricating the 

required specimens. Recently, scientists around the world are taking an interest in 

the recent field of 3D additive manufacturing for its countless benefits. 

 

 

Figure 2-1 Variation of the elastic modulus with porosity (Zhu et al., 2021). 

 

2.5 Additive Manufacturing 
 

Studies in the literature have shown that in addition to the aforementioned 

factors, the method used to fabricate the required specimens has a significant impact 
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on mechanical characteristics. The recent field of 3D AM has piqued the curiosity of 

experts all around the world due to its numerous advantages and its ability to improve 

mechanical quality. 

AM, more commonly referred to as three-dimensional (3D) printing, is one of 

the most studied techniques today. It is an important technique that has the potential 

to significantly reduce the cost of manufacturing conventional components made of 

very expensive materials (Szost et al., 2016). Meantime, AM has generated a 

generation of amateurs and evolved into a common technology with several uses 

across various industries. This involves, but is not limited to, aerospace (Murr, 2016), 

automotive (Gibson et al., 2021), biomedical (Godoi et al., 2018), and manufacturing 

(Paolini, Kollmannsberger and Rank, 2019). There are numerous additive 

manufacturing techniques, based on the type of application, the control system, and 

the size of the pattern to be printed, for instance, stereolithography (SLA). One of 

the most common techniques in additive manufacturing is SLA, due to its capacity 

to print complex geometrical pieces cleanly and safely in a friendly environment. 

SLA technique has been used in manufacturing the structures with very complex and 

precise designs such as those based on Voronoi tessellation.  

 

2.5.1 SLA Technique 
 

As a first try, three-dimensional antennas of the Sierpinski Triangle (ST) and 

Voronoi tessellation with high accuracy were achieved by using 3D SLA technology 

(Bahr et al., 2017). Almonti et al., (2020) produced customized structures based on 

Voronoi tessellation made from metal foams. The results showed better mechanical 

properties for 3D SLA printed structures with high precision. In addition, Pasquale 
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and Barra, (2022) introduced the design and 3D SLA manufacturing of modified 

orthopedic insoles based on Voronoi tessellation. 

In an attempt, a 3D porous scaffold and biodegradable with high porosity, 

interconnectivity, and uniformity of pore distribution, is designed and processed by 

the FDM technique (Hutmacher, 2000). However, from Figure 2-2, it can be 

concluded that the sample has a poor resolution and is anisotropic of the printed 

sample behavior because of the layer-by-layer FDM process (Chacón et al., 2017). 

Whilst in another work, Kim et al., (2011) reported that using the SLA technique 

reduced the roughness of the fabricated scaffold and improved its stiffness, as shown 

in Figure 2-3. 

 

 

Figure 2-2 3D scaffold fabricated by FDM (Hutmacher, 2000). 
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Figure 2-3 The morphology of a fabricated SLA scaffold by SEM (Kim et al., 2011). 

 

There are numerous AM techniques for printing the required samples. 

Nevertheless, the selection of appropriate and optimal techniques is the most crucial 

matter. For example, the design that is based on Voronoi tessellation, which can be 

found in biomedical scaffolds, is based on small pores; hence, a technique that 

satisfies the fabrication of the smallest details with the highest accuracy is a critical 

issue in addition to the materials that are compatible with the technique. These 

requirements can be satisfied by the SLA technique. Therefore, it is selected for the 

printing of samples in the current research. 

 

2.6 Plant-based Biopolymer 
 

In the last six years, soybean oil products have been widely used in industries, 

where in 2016 it was used as an important resin in SLA additive manufacturing (Miao 

et al., 2016). Mondal et al., (2021) used a resin based on soybean oil in the fabrication 

of biological materials as a prototype and then applied it in the manufacture of bone 

grafts to repair bone defects. They reported that this resin provides high printability 

in printing complex shapes with high accuracy. Moreover, it showed a significantly 
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increase in Young’s modulus up to 660 % which is promising for biomedical 

applications (Noè et al., 2022). In addition, the biodegradability of these resins 

reaches 19.6 % within 60 days and they have a high potential to be a competitor 

replacement for traditional petroleum-derived ones while also reducing 

environmental impact (Lebedevaite et al., 2022). 

 

2.7 Failure Mode  
 

When the cellular structures are exposed under compressive load, the cell 

begins to collapse gradually. This is due to the fact that the cellular structures contain 

struts and nodes. Du et al., (2019) reported that stress was mainly concentrated at the 

joints connected by the struts in a cubic scaffold. Works of literature reveal in most 

structures, stress was severely concentrated at the sharp edges (Gao et al., 2021). A 

similar phenomenon of failure was detected in the breaking behavior of lattice 

structures for diverse additively manufactured materials using the same technique 

(Pawlak et al., 2015; Liu et al., 2020). Moreover, Chao et al., (2021) studied the 

failure nature of a Voronoi structure with different porosity levels (70, 80, and 90 

%.) using the Finite Element Method (FEM). They found that the maximum Mises 

stress in porous Voronoi structures is mainly concentrated at the nodes where the 

connecting rods of the porous structure are connected. They observed that the 

randomly distributed pores were helpful to promote fragile and brittle pore edges, 

which led to the concentration of more stresses. The most obvious finding in their 

study is that the average pore size has a crucial influence on the stress distribution on 

the connecting rod edges. The smaller the pore size, the higher the stress 

concentration, which leads to an easier fracture. They suggested that when designing 
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the Voronoi structure, the appropriate average cell size should be considered more 

than the porosity percentage. 

 

2.8 Summary 
 

Cellular structures are porous materials that have a high strength-to-weight 

ratio (Chen, McKittrick and Meyers, 2012). They can be in a regular or irregular 

geometry. Cellular structures are also divided into two classes: closed-cell where 

each pore is totally isolated, and open-cell where the liquid can pass through it. 

Therefore, it is preferred for the fabrication of biological scaffolds. Cellular 

structures are further classified based on their mechanical properties into stretch-

dominated and bending-dominated structures.  

Irregular open-cell structures such as those based on Voronoi tessellation offer 

highly enhanced mechanical properties due to their microstructure topology. In 

biomedical applications, inevitably, the regular structure with a small change to the 

unit cell will lead to a global change in the entire structure, and it is difficult to apply 

local control to the pore shape and the pore size distribution. Thence, the irregular 

scaffold structure approach has gained attention to overcome these challenges. 

Numerous irregular designs naturally exist in nature which inspired researchers for 

adopting them for improved mechanical properties of biomedical applications. Thus, 

by mimicking nature can get the best design and benefit from its microstructure 

geometry. 

In a conclusion from the aforementioned studies, nature-inspired and Voronoi-

based structures are expected to improve mechanical properties in terms of strength 

and meantime have a lightweight that is much needed in the world of modern 

manufacturing in many fields, especially structures, aerospace as well as biomedical. 
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For these reasons, many 3D Voronoi structures will be designed and then fabricated 

through additive manufacturing. Then, their mechanical properties will be compared, 

and on the basis of this, the best design will be recommended. Due to its capacity to 

produce functional parts with complicated shapes, the 3D additive manufacturing 

stereolithography technique (SLA) is a fast-developing additive manufacturing 

technology, it will be used in printing the samples of this research. 

  



 
 

45 
 

CHAPTER 3  

 
METHODOLOGY 

 

3.1 Introduction 
 

This chapter deals with the experimental procedures, techniques, materials, 

software used for designing and fabricating samples of the current work, and 

experimental testing that is used to evaluate the mechanical properties of the samples. 

A detailed description of the 3D printing technique, SLA, was given in detail. 

additionally, the production of six models and designs was explained and presented. 

 

3.2 Used Material 
 

A commercial biopolymer (Plant-based resin is shown in Figure 3-1) made 

from soybean oil, it is an ultraviolet (UV-curable) liquid used in SLA additive 

manufacturing because it is truly eco-friendly, biocompatible, has no volatile organic 

compounds (VOCs), has no harmful chemicals, optimized low shrinkage to provide 

better printing quality, is sensitive to 355 nm-410 nm UV light, low density 1.39 

g/cm3, and complied with EN 71-3:2013 safety standard. The commercial Plant-

based resin (made in China, Shenzhen, Guangdong Anycubic 3D technology 

company) was purchased from Orange 3D company and its properties are given in 

Table 3-1. 
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Figure 3-1 Biopolymer used in samples 3D printing (Anycubic, 2022). 

 

Table 3-1 Biopolymer/Plant-based resin properties (Anycubic, 2022). 

Property Unit Value 

Elongated break % 8-12 

Bending strength MPa 40-50 

Extension strength MPa 35-45 

Vitrification temp ℃ 60 ∓5 

Viscosity (25℃) MPa.s 150-350 

Shrinkage % 1.88-2.45 

Hardness D 89 
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3.3 Used Equipment 
 

3.3.1 SLA 3D Printer 
 

Figure 3-2 shows the ELFIN 3 Mini by NOVA3D printer (Orange 3D printing, 

Baghdad) which it was used to print the test samples for the current study. Parameters 

were identified and controlled by NOVA printing control software as follows: layer 

thickness of 0.06 mm, printing speed of 50 mm/h, 119.8x 67.8x 149.9 mm printing 

area size, and a 90° printing angle with ± 0.1 mm model tolerance.  

 

 

Figure 3-2 SLA 3D printer. 
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3.3.2 Compression Test Machine 
 

The uniaxial compression tests were conducted on six Voronoi-based models 

with low density specimens using a GOTECH AI-3000 universal testing machine 

(Mechanics and Civil Testing, Erbil) with a total height of 1570 mm, as shown in 

Figure 3-3. The speed was kept constant at 5 mm/min. The test was performed in 

quasi-static condition at a strain rate of 0.001/sec. The applied load and displacement 

were measured by a digital board, and compression tests were conducted at least four 

times for each sample. Then, the stress-strain curve was by taking the average of 

several curves. The apparent stress and apparent strain can be calculated from Eq. 

(3-1) and Eq. (3-2), respectively (Rychlewski, 1984). 

 

 

          𝜎∗ =  𝐹 𝐴⁄ = 𝐹 𝜋 𝑅2⁄  (3-1) 

 

휀∗ =  ∆𝐿 𝐿𝑖⁄  =  
(𝐿𝑖− 𝐿𝑓)

𝐿𝑖
 (3-2) 

 

where 𝜎∗ is the apparent stress in MPa, F is the applied load in N, 𝐴 is the cross 

section area in mm2, R is the radius of the sample in mm, 휀∗ is the apparent strain, Li 

is the initial length of the porous sample in mm, Lf is the length of the sample after 

the deformation in mm, and ∆𝐿 representing the compressive displacement (mm), 

based on the concept that the apparent stress is constant over the cross-sectional area 

and throughout the gauge length. 
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Figure 3-3 GOTECH AI-3000 controlled testing machine for micro samples. 

 

3.4 Experiment Plan 
 

3.4.1 Constant Factors 
 

In the current work, two shapes of cylinder were designed. The first is the 

homogeneous coreless cylinder with diameter R of 3.27 mm and height H of 12 mm. 

Second, is the hollow cylinder with R of 3.27 mm and core diameter r of 1 mm, and 

H of 12 mm, as shown in Figure 3-4. The thickness was set at 0.1 mm. plant-based 

biopolymer resin was used to print the samples by SLA 3D printing technique. 
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Figure 3-4 The designed cylinder details. 

 

3.4.2 Variables and Levels 
 

The irregular-based design has the benefit of a wide range of geometric shapes 

and can be utilized to build a parameterized mathematical model. As a result, it is 

being used in the creation of cellular models. In this work, a new topology bio-

inspired was proposed based on three-dimensional Voronoi tessellation to be used in 

lightweight applications. The new design involved replacing the normal Voronoi 

(Nv) cell struts with longitudinally elongated Voronoi (Ev) struts in the Z-direction 

based on bending-dominated properties. Rhinoceros 7/Grasshopper software 

(version 7.17.22102, Robert McNeel & Associates company, North America, and 

Pacific) was used to design two groups of 3D irregular cylindrical structure: 

1. Irregular Elongated Voronoi Structures (IEVSs). 

2. Irregular Normal Voronoi Structures (INVSs). 

 

R 

H 
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Each group contained three models; homogeneous cylinder E1 and N1, hollow (with 

core) cylinder (gradient I) E2 and N2, and  filled core cylinder (gradient II) E3 and 

N3, as shown in Figure 3-5, and their details are presented in Table 3-2. 

 

 

Figure 3-5 An illustration of designed irregular structures. a) elongated Voronoi, b) normal 

Voronoi, c) the top view of the three models; I) homogenous cylinder, II) hollow (with core) 

cylinder (gradient I), and (III) filled core cylinder (gradient II). 
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Table 3-2 The details of the designed models. 

Cell strut 

design 

Irregular Voronoi 

structure 

Sample shape Seed number 

Elongated 
E1 Coreless cylinder 110 

E2 Hollow (with core) cylinder 125 

E3 Filled core cylinder 100+20 in the core 

Normal 
N1 Coreless cylinder 200 

N2 Hollow (with core) cylinder 250 

N3 Filled core cylinder 215+20 in the core 

 

3.4.3 Design Limitations 
 

The volume of the structures was controlled by the number of Voronoi cells 

and thus the density distribution of the sample structure was controlled. All models 

were kept at the same volume of about 95 mm3 and 0.0005 g/mm3 density with a 

thickness of 0.1 mm and mass of 0.20 g.  

 

3.4.4 Response Data 
 

3.4.4.1 Stress-Strain Curve 
 

The apparent stress and apparent strain are obtained by applying a load to a 

test specimen progressively and monitoring the resulting deformation. In addition, 

the form of this deformation can be compression, torsion, and stretching. Numerous 

properties of a material are revealed through this curve, including the apparent 

Young's modulus E*, apparent stiffness S*, maximum deformation Wmax, and 

ultimate strength US. 
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3.4.4.2 Total Energy Absorption 
 

Energy Absorption is a key parameter in lightweight engineering, especially 

for structure design in the event of a bone crash. For different geometrical designs, 

various responses for energy absorption are expected. Hence, TEA is considered an 

important parameter for the comparison of abilities for these structures based on 

energy absorption. Usually, the TEA is obtained from the area under the load–

displacement curve. Moreover, it is calculated from Eq. (3-3) (Al-Qrimli, 2011): 

 

          𝑇𝐸𝐴 =  ∫ 𝑃𝑎𝑣𝑒 𝑑𝑠  ≡  𝑃𝑎𝑣𝑒  (𝑑𝑓 −  𝑑𝑖) (3-3) 

 

where Pave is the mean crushing force, 𝑑𝑖 is the initial crushing distance, and 𝑑𝑓 is 

the final crushing distance. Commonly, TEA is measured with (J) according to the 

SI. 

 

3.4.4.3 Specific Energy Absorption 
 

Since our proposed models are designed to be used in the manufacture of 

engineering structures, they require a light weight. Therefore, it is necessary to 

calculate the SEA of the models. SEA is defined as the total energy absorbed divided 

by the mass of the sample (AL-Qrimli, Khalid and Mahdi, 2015). As a consequence, 

this can be determined based on Eq. (3-4): 

 

𝑆𝐸𝐴 =  𝑇𝐸𝐴 𝑀𝐴𝑆𝑆⁄  (3-4) 
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3.4.4.4 Porosity 
 

The porosity has a great effect on the mechanical properties. For the bone 

scaffold, it was suggested the porosity should be over 50 % and pore size larger than 

300 µm (Hollister, 2006; Mantila Roosa et al., 2010; Li et al., 2016). The 

microstructures of bone are diverse; therefore, the porosity was set around 64 % for 

all samples, as given in Table 3-3. The porosity was determined by the gravimetric 

method as shown in Eq. (3-5) and Eq. (3-6) (Hollinger et al., 2002; Maspero et al., 

2002; Guarino et al., 2008; Qiu Li Loh; Cleo Choong, 2012). 

 

ρs =  mass volume⁄  (3-5) 

 

Total porosity =  1 − (ρs ρmaterial)⁄  (3-6) 

 

where ρmaterial is the density of the material, and ρs is the apparent density of the 

structure. It is noteworthy the term of (apparent) accompanies the description for all 

mechanical properties throughout this thesis due to the fact that our designed samples 

refer to the Voronoi lattices, not to the base of the material. 

 

Table 3-3 The porosity of the designed models. 

Model E1 E2 E3 N1 N2 N3 

Porosity 

(%) 

64 

(±1.87) 

60 

(±1.23) 

64 

(±0.92) 

64 

(±0.84) 

60 

(±1.02) 

64 

(±0.78) 
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3.5 Samples Fabrication 
 

3.5.1 Designing the Samples 
 

Rhinoceros 7\Grasshopper software was implemented to generate topologies 

for the six designs for Voronoi structures. Two groups of irregular cylindrical 

scaffolds, IEVSs and INVSs, were generated through seeding throughout the fixed 

volume and density of six models. Figure 3-6 shows the Rhino file of all Voronoi 

structures. 

 

 

Figure 3-6 3dm Rhinoceros file. 
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The process of designing the models by software, as indicated in Figure 3-7, 

began by distributing several points randomly in the 3D cylindrical normal Voronoi 

structure to obtain a specific volume with defined dimensions. Then, the scale 

command was applied to create the 3D cylindrical elongated Voronoi structure. 

 

 

Figure 3-7 Steps of designing the models in Rhinoceros 7/Grasshopper software. 

 

There are several steps to obtaining a normal Voronoi-based design using 

Rhinoceros 7\Grasshopper software. Firstly, the (cylinder) plugin is used to form a 

cylindrical shape to the sample model. Then, by using the (3D populate geometry) 

plugin, a number of seeds are distributed within the cylinder perimeter, and then 

should be connected to the (3D Voronoi) plugin to create the polygons of the cells. 
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a) 

b) 

Subsequently, the (solid intersection) and (deconstruct brep) plugins are used to 

intersect the Voronoi cells within the center of the cylinder. In addition, the thickness 

of the cells is controlled by the (cull duplicates) and (smaller than) plugins. 

Eventually, all plugins must be baked to obtain the final 3D design. The number of 

seeds was chosen according to the volume balance between all models. 

Figure 3-8a shows the Grasshopper file for the homogeneous elongated Voronoi 

structure, while Figure 3-8b presents Grasshopper file for the homogeneous normal 

Voronoi structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8 The Grasshopper file for the a) homogeneous elongated Voronoi structure (E1), and 

b) homogeneous normal Voronoi structure (N1). 

 



 
 

58 
 

Then, the Grasshopper file of each 3D model is saved in the STL format, as 

shown in Figure 3-9a. While Figure 3-9b indicates the format was imported into the 

slicing software (Siddique et al., 2019) that divides the CAD model file into tiny data 

stored in the STL file into horizontal two-dimensional sections that can be addressed 

by a 3D printer (Gross et al., 2014).  

 

 

Figure 3-9 Illustration of a) STL file, and b) slicing software file. 

 

3.5.2 3D Printing of the Samples 
 

The Voronoi tessellation of all 3D models was implemented in Rhinoceros 

7\Grasshopper 3D software. The CAD model was used to refer to the designed 

model. Following the design steps, six samples were saved as an STL file before 

being sent for printing. The SLA technique was used to print the samples, because 

of its common use in printing geometric shapes with precise and complex details. 

The SLA printer contains a build platform which is the place where the part is 

created. Underneath there is a resin tank, and a clear glass allows the UV laser to 
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cure the resin. In order to begin the printing, the model file must first be uploaded, 

and then the tank must be filled with resin up to the limited level. The laser passes 

back and forth inside, eventually solidifying the liquid plastic. Finally, the printed 

part is taken out to be washed in rubbing alcohol to remove the excess resin, as 

indicated in Figure 3-10.  

 

 

Figure 3-10 An illustrative of the printed samples. 
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3.6 Compression Test 
 

Numerous compression properties of a material are revealed through the 

stress-strain curve, including the apparent Young's modulus E*, apparent stiffness S*, 

maximum deformation Wmax, and ultimate strength US. There are two ways to draw 

this curve: the conventional stress-strain diagram and the true stress-strain diagram 

(Goodno, 2013). In the current study, the conventional method was used in which 

the engineering stress can be calculated by dividing the applied load by the cross-

sectional area of the sample (Eq. (3-3)). In order to compare the mechanical 

properties of the models, the apparent Young’s modulus and stiffness were calculated 

from Eq. (3-7) and Eq. (3-8), respectively, while ultimate strength could be 

determined precisely from the apparent stress-strain curve. 

 

𝐸∗ =  𝜎∗ 휀∗⁄  (3-7) 

  

𝑆∗ =  𝐹 ∆𝐿⁄  (3-8) 
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CHAPTER 4  
 

RESULTS AND DISCUSSION 
 

4.1 Introduction 
 

This chapter deals with the results obtained from experimental testing to 

respond to the statement of the problem of the current research. Section 4.2 presents 

the numerous results obtained from experimental testing to explore the Voronoi 

structures’ compression properties, and how the manufactured samples' cell 

geometry modification influences the apparent Young's modulus and the apparent 

stiffness. The relationship between the amount of energy absorbed with the 

modification and the total energy absorbed per the mass of the sample are showed in 

section 4.3. Eventually, the deformation behavior of the Voronoi structures under the 

load is discussed in section 4.4. 

 

4.2 Compression Resistance 
 

Sufficient compressive strength is a primary and prominent requirement for 

structures in lightweight applications. Hence, a compressive strength test was 

essential for evaluating the compression resistance of different Voronoi designs. The 

compressive test was repeated four times for each sample, and the average value of 

these four tests is reported here. Figure 4-1 illustrates the stiffness of the Voronoi 

structures’ with different designs. The stiffness of the structures can be determined 

by the load–displacement curve. Both E1 and N1 broke at similar displacements with 

a stiffness of 352.5 ± 0.98 N/mm for E1 and a stiffness of 380.3 ± 1.02 N/mm for 

N1. Similarly, E2 and N2 fractured at similar approximate displacements: E2 with a 

stiffness of about 286.9 ± 1.06 N/mm and N2 with 272.8 ±1.04 N/mm stiffness. It is 
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noteworthy that the gradient I Voronoi structure for both E2 and N2 shows the lowest 

stiffness among the three designs. However, the gradient II Voronoi structures (E3 

and N3) showed a different trend, E3 recorded a maximum displacement which is 

the highest among all samples with a stiffness of 302.8 ±0.95 N/mm, while N3 

recorded a stiffness of 336 ±0.94 N/mm. It reveals that it is stiffer than the gradient 

I Voronoi structure due to the improved geometric design with the filled core which 

made it bear the load with a higher displacement. It is noticeable that the normal 

Voronoi structures are stiffer than the normal Voronoi structures  

 

 

Figure 4-1 Stiffness of the Voronoi structures. 

 

On the other hand, Figure 4-2 displays the Young’s modulus of the various 

designs. It is clear that the elongated Voronoi structure gradient I type (E2) has the 

highest apparent Young’s modulus of about 142 ±0.66 MPa, this is due to the 

microstructure and design features where all density gathers at the edges, providing 

optimum structural support for the structures. While, the gradient II Voronoi 

structure (E3 and N3) has the lowest record of Young’s modulus of about 115 MPa 

and 112 MPa, respectively. This is due to the highest porosity which leads to break 
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under the influence of lesser stress. Whereas structures with high porosity are 

typically weaker because the pores cause Voronoi cells to be separated by a greater 

distance, structures with low porosity are stronger (Paz et al., 2022). Furthermore, it 

is significant to mention that the value of Young's modulus for both the homogeneous 

and gradient of the elongated Voronoi structure obtained in this work is superior to 

that obtained from Shirzad et al., (2021) study of 94% for the cubic non-stochastic 

truss-based scaffold structures with a porosity of 56.45%.  

 

 

Figure 4-2 Young’s modulus of the various Voronoi structures design. 

 

In regard to the other properties, Figure 4-3 demonstrates the ultimate strength 

and the maximum deformation of the designed Voronoi structures. It is clear that the 

greatest ultimate strength is achieved by the elongated Voronoi structure 

homogeneous type (E1) with 29.00 ±0.12 MPa, this is due to the fact that when 

homogeneous structures are subjected to a load that will be distributed largely evenly 

over all parts of the structure, and thus the structure absorbs the largest amount of 

energy. Moreover, the normal Voronoi structure of homogeneous type (N1) shows a 

maximum stiffness of about 380.30 ±1.02 N/mm, it has to be mentioned, that there 
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was no significant difference between the two types of designs (elongated and normal 

Voronoi) in terms of maximum deformation. The ratios are either very close or 

exactly equal, as in (E1 and N1) and (E2 and N2), respectively, except for the designs 

(E3 and N3) in which there is a colossal difference, where the gradient II elongated 

Voronoi structure is 43 % superior to the normal Voronoi structure. 

 

  

 

Figure 4-3 Compression properties of the six Voronoi structures. a) the ultimate strength, and b) 

the maximum deformation. 

The experimental results indicate changes in the cell geometry of Voronoi 

structures could lead to a completely different mechanical performance.  Figure 4-4a, 
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b, and c displays the apparent stress-strain curve of all the 3D Voronoi structures 

((E1 and N1), (E2 and N2), and (E3 and N3)). It is evident from the data that apparent 

strain increases with increasing load, and all designs exhibited a linear increase in 

apparent stress up to a specific apparent strain value, after which it shifted to a more 

moderate relationship between these two parameters.  Figure 4-4a clarifies the 

apparent stress-strain comparison for both homogeneous designs (elongated and 

normal Voronoi structures). It is clear a that both have linear behavior until they 

reach the same apparent strain of 0.1. Nevertheless, E1 has higher apparent stress 

than N1 of about 19.2 MPa and 18.8 MPa, respectively, because the extensions of 

cell struts enhance the microstructures. The apparent stress then begins to rise by 

gradually increasing the apparent strain until the samples reach maximum 

deformation and are fractured at an apparent strain of 0.3 for both E1 and N1 with 

apparent stresses of 28.2 MPa and 27.0 MPa, respectively. Although E1 appears to 

withstand more apparent stress than N1, the difference is very small, and its effect is 

negligible when used in applications that are based on pressure. Unlike the 

homogeneous design, the gradient Voronoi structures show a noticeable difference 

in withstanding the applied load. Figure 4-4b illustrates that the maximum apparent 

stress of E2 (16.1 MPa) outperformed that for N2 (15.3 MPa) due to the moderate 

spacing of the cells from each other. However, they broke at a lower apparent strain 

(around 0.1). This indicates that, despite the fact that the gradient I E2 begins to 

deform at higher apparent stresses than the gradient I N2, they do not withstand the 

high apparent stresses achieved by homogenous designs (E1 and N1). Furthermore, 

their maximum apparent stress is also lower than the gradient II Voronoi structures 

(E3 and N3), which in turn is lower than the homogeneous Voronoi structures, as 

shown in Figure 4-4c. In addition, the maximum deformation reached 0.33 for E1 

and 0.31 for N1, respectively, which is higher than gradient I Voronoi structures and 

somehow similar to those for the homogeneous Voronoi structures. 
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The experiment results and analyzes indicated that the elongated Voronoi 

structures achieved high results and outperformed the normal Voronoi structures in 

achieving improved compression properties because the elongated Voronoi 

structures were designed with a lower number of seed points than the normal Voronoi 

structures. It is noteworthy that different kinds of homogeneous and gradient Voronoi 

structures record considerable variation in several compression properties despite the 

little difference in porosity among them. This is due to the microstructure and cell 

geometry design features. In conclusion, the relatively high improvement in 

mechanical properties of the IEVSs compared to the INVSs can be justified by the 

geometry optimization of the cell struts to the Z-direction, which provides direct 

support for the applied load. 
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Figure 4-4 Stress-strain curve for the six samples under uniaxial compression load. a) 

homogeneous model for elongated (E1) and normal (N1) Voronoi structures, b) gradient I model 

for elongated (E2) and normal (N2) Voronoi structures, and c) gradient II model for elongated (E3) 

and normal (N3) Voronoi structures. 

 

a) 

b) 

c) 
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4.3 Energy Absorption 
 

Figure 4-5a, b, and c shows the comparison between the energy absorption and 

displacement for 3D Voronoi structures (E1 and N1), (E2 and N2), and (E3 and N3), 

respectively. It is noticeable that the relationship between energy and displacement 

demonstrates an increasing trend for both structures (elongated and normal Voronoi). 

From Figure 4-5a, it is clear that for the homogeneous structures (E1 and N1), the 

rate of increase in displacement up to 1.0 mm results in a minor rise in energy 

absorption. However, a further rise in displacement (more than the mentioned rate) 

results in a ramping up of energy absorption reaching a plateau at 4.0 mm. This result 

reveals that further displacement is beneficial for both structures to improve their 

energy absorption, and it indicates that the two designs show similar behavior in 

energy absorption improvement. Meanwhile, Figure 4-5b presents the comparison 

between the energy absorption and displacement for the gradient I (E2 and N2) 

structures, similarly, the increment of the displacement up to a certain value 0.8 mm 

results in a moderate improvement in energy absorption for both models. 

Nonetheless, when these samples are subjected to a higher rate of displacement, it 

causes an abrupt enhancement of energy absorption reaching the maximum of 0.55 

J at a displacement of 2.0 mm for E2, and 0.37 J at a displacement of about 2.0 mm 

for N1. Yet, the gradient II structures (E3 and N3) show better performance in terms 

of energy absorption than the previous design (gradient I). This can be seen from 

Figure 4-5c that the greatest energy absorption was obtained at 4.0 mm displacement 

with approximately 1.79 J for E3, and displacement of 2.2 mm with an energy 

absorption of about 0.80 J for N1. It is noteworthy that despite the similar 

displacement trend of both designs, the elongated Voronoi structure resists fracture 

at a higher displacement rate than the normal Voronoi structure. Hence, considerable 

energy absorption is presented when the elongated Voronoi structures replaced the 
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normal Voronoi structures. Whereas, the homogeneous design achieved the highest 

values, followed by gradient type I and finally gradient type II which has a core in 

the middle with fewer seeds point that made it weaker. To compare the elongated 

Voronoi and the normal Voronoi, it can be noticed that the elongated structure 

provides higher values than the normal in all models due to the fact that the stress 

was severely concentrated at the sharp edges, and a normal Voronoi structure has a 

higher number of sharp edges compared to elongated Voronoi which can lead to the 

earlier failure in normal Voronoi structures. 

The current study paved away for designers and researchers to optimize the 

cell geometry by seeds distribution, irregularity, porosity variation and other 

parameters for elongated Voronoi structures. It is clear that changing parameters for 

the elongated Voronoi structures can significantly alter several mechanical properties 

based on the desired application. 
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Figure 4-5 Variation in energy absorption (EA) as a function of displacement for the six Voronoi 

structures. a) homogeneous model for elongated (E1) and normal (N1) Voronoi structures, b) 

gradient I model for elongated (E2) and normal (N2) Voronoi structures, and c) gradient II model 

for elongated (E3) and normal (N3) Voronoi structures. 

 

a) 

b) 

c) 
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Moreover, the SEA for all six designs is illustrated in Figure 4-6. It is 

noticeable that comparing the two types of designs, the elongated Voronoi structures 

achieved a higher rate of specific energy absorption, as they outperformed the normal 

Voronoi structures with the same relative density at constant crushing velocity. It is 

important to mention that there are more X-shaped joints in elongated Voronoi 

structures than in normal Voronoi structures. This might be the reason, why the 

elongated Voronoi structure has a higher energy absorption capacity than the normal 

Voronoi structure. The homogeneous design (E1) features have the best performance 

among the six Voronoi topologies with a specific energy absorption of 52.45 J/g, 

followed by N1 with a specific energy absorption of 45.74 J/g. On the contrary, the 

lowest performance is provided by the gradient I (N2) with a specific energy 

absorption of about 6.27 J/g. 

 

 

Figure 4-6 Specific energy absorption of the six models. 
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4.4 Failure Modes 
 

Figure 4-7 shows the failure mode for a homogeneous elongated Voronoi 

structure. The failure mode is the same for all samples. The cylindrical Voronoi cells 

all collapsed completely due to a failure mode incorporating three successive stages 

of failure beginning with strut fracture, followed by the collapse of the cell, and 

finally fracture growth. Works of literature reveal in most structures, stress was 

severely concentrated at the sharp edges, and a normal Voronoi structure has a higher 

number of sharp edges compared to elongated Voronoi which can lead to the earlier 

failure in normal Voronoi structures. Moreover, the elongated Voronoi structures in 

the current study have larger pore sizes, they can carry larger apparent stresses and 

loading before they start to be fractured. This is a reason for the compression 

properties’ improvement in the current study. In addition, no buckling behavior was 

observed in the structures because the Voronoi cells consist of inclined struts, which 

provide support for the structure to tolerate the buckling load. Thus, they are 

desirable for load-bearing applications because they provide stability and easy 

predictability of the mechanical response. 

It is evident that the enhanced mechanical properties such as stiffness, energy 

absorption, and progressive failure mode in the Voronoi structures are all associated 

with the introduction of the internal triangular lattice of Voronoi tessellation. 
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Figure 4-7 Failure mode of homogeneous elongated Voronoi structure. I) failure mode under 

compression machine; a) fracture prediction starts, b) collapse, and c) fracture propagation, and 

II) microscopic illustration of the fracture mode. 

  

I 

II Cell strut fracture 
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CHAPTER 5  
 

CONCLUSION AND FUTURE RECOMMENDATIONS 
 

5.1 Conclusion 
 

Irregular Voronoi structures demonstrated that they are efficient to govern 

several mechanical properties of additive manufactured products. These structures 

ensure both improvements of mechanical properties, and simultaneously lightweight 

structures. Changing the geometric structure of the normal Voronoi Nv through 

changing the direction of cell struts and stretching them in Z-direction using 

Rhinoceros 7\Grasshopper software proved further significant to achieve appropriate 

mechanical properties. The major conclusions are formulated as follows: 

 

i. IEVSs were proven to bear higher stress than the INVSs as well as 

outperformed in terms of energy absorption. 

 

ii. IEVSs showed better performance in terms of resistance to fracture with a 

higher displacement rate than INVSs, which explains their high energy 

absorption. 

 

iii. In terms of the three designed models: the gradient I Voronoi structures 

model presented a higher apparent Young’s modulus than the gradient II 

Voronoi structures and the homogeneous structure. Thus, it is preferred for 

strength-to-weigh applications. While the homogeneous structures exhibited 

greater stiffness and absorbed more energy than the rest. Therefore, it is 

preferred for energy absorption and crashworthiness applications. 
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iv. In general, the mechanical properties are greatly affected by the geometric 

design of the 3D Voronoi structures as well as by the porosity. The lower the 

porosity, the stronger the structures. 

 

5.2 Future Recommendations 
 

The uniaxial compression test of 3D Voronoi structures was addressed in the 

current study. The stress-strain curve of the six Voronoi structures was analyzed. It 

was found that there is a relationship between the mechanical properties and the 

geometric structure of the samples; based on this, the following is recommended: 

 

❖ To obtain more accurate data, DIC (Digital Image Correlation) techniques can 

be utilized to detect the strain of the samples during the experiment. 

 

❖ Results may differ noticeably when using a biopolymer material with higher 

mechanical characteristics. 

 

❖ Irregular elongated Voronoi structures IEVs with varying parameters show a 

change in irregularity, and density variation, which should have an obvious 

impact on mechanical properties. 
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APPENDIX 

 

The core of this research has been published in a highly reputed journal 

indexed in Clarivate Analytics. Journal of Functional Biomaterials (JFB) by 

Multidisciplinary Digital Publishing Institute (MDPI), Basel, Switzerland on 16 

December 2022. JFB has an impact factor of 4.901 and it is a leading platform for 

enhancement in biomedical engineering. 

 

 

 

Figure A1: Cover page of the JFB. 
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Figure A2: Indexing of JFB in Clarivate Analytics. 

 

 

 

Figure A3: Impact factor (IF) information of JFB in Clarivate Analytics. 
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Figure A4: Cover page of JFB including our published manuscript. 
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Figure A5: Quartile (Q) information of JFB in Clarivate Analytics. 
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هــــداءلإا  
 

(12:نلقما)( وَمَن يَشْكُرْ فَإِنَّمَا يَشْكُرُ لِنَفْسِهِ)قال تعالـى   

 

تعالى حمداً كثيراُ طيباً على ما أكرمني بهِ من إتمام هذهِ الرســـــــالـة.أحِمد الله   
 

ومَـنْ  شــأة على شغَـف التَعَـلم.هـدي ثَمَــرة جُهـدي المتـــواضع الى مـن وَهبوني الحيـــاة والأمـــل والنأَ           
ا، وإحســانـاً، ووفــــاءً لُهما: والـدّي العـزيزيــن.عَلَموني أن أرتَقي سُلـم الحيــاة بِقـــوة وَصَبــر ؛ بِــرًّ  

.تيـ، وإبنَيـتـواخَأَ، ـوانيـثي: إخـة بحــي في رحلــوا عَونـاً لــاتي، مَنْ كانـــة وجودَهُـم في حيــني الله نِعمَــنْ وَهَبَــإلى مَ  

.نــن الديـــان زيــــــة دَربي: نيــرَفيقـ ـىـاح، إلــــالنجو ـاً نحــــق معــق الطـريــنُ نَشــني ونحــنْ كاتفتــى مَـــإلـ  

يزــأن يج جل جلالهة، سائله الله ــــالــــام هذهِ الرســـد في إتمـــب او بعيـــواء بدوره مِن قريــل مَنْ ساندني سَــإلى كُ مَّــثُ  
رة.ــا والأخــالجميع خَيَر الجــزاء في الدني  

.افيــــي والثقـــــده المعرفي العلمـــد رَصيـــة وتَزويـــم يسعى لكَسب المعرفـــب علـإلى كل طال وأخيـراً  

 

 

 

 

  



 
 

 
 

 پوختــه 
 

ــ و   دیزاینـه           ــم ه   ـو  ـهكـوی   ــــ ـــهـوشێـــــ كـوهه نـوی  ایـوی   بـه  ی لـهش خش بوش بۆ هـهرشێـــــ

ــتـه بـهق نـهها ـــــ ب ـویوویێ ن   پ ک ـوت   .  ش كـوی ـویـهگویێـوش     كـوی ك  ـه  یـیی ـهتمـهه زی ش تـوی ـههۆی بـهدا 

دهشش ــــــــم    Rhinoceros 7\Grasshopper  یـوێکک اـوی  رۆهۆیۆی ا  ل  ێکو ی ب اـوهه نـوی 

رۆهۆیۆی )ب  پشـت   ـت  ب ش مو و   ـتوشی وی ی  ی  دهکژكراش   ش وی   هو  ـ  كراشن. ه هدشش دیزاین 

ــە  ۆدک   م وشا یون ه ی  بۆ   ــت  بوشی ون ه ی ک دیزای  ارانج ا   ـــ ــرشێـــ ــ و ی ا   ـــ ا  ب  ێـــ

ــوی  ش  ههII لاه   ج ش Iلاه  ج  ێکكه هی ا یونج   ــ ه بن  وی ی ا ــ ل  یوش یموی اوییا    coreبوشی   ل  ــ

ــوپــــ     ه ی . ــۆ    Stereolithography (SLA) three-dimensional (3D)چــ بــ ــو   ــوههــ ب اــ

ــ ه بن  وی ێشش ە بۆ ه ش ی هو ود  بکرکم بۆ توق کردی ش ی   ــتکردی   ود ی بویۆپۆل مر ل  ـ دهش ـ

ــن وه اراش اوی     کوی ک .   ــم ا  دیزاین  پ شــ ــت  ه یێو   توق کوهی  اون د هیویک ــ   دهکژكراشب گشــ

  رۆهۆیۆی   % ل 21یزیک ی    رۆهۆیۆی  دهکژكراشی   ک  بوێــــتریون ه ی .رۆهۆیۆی توی  تم ییی   کوی

% ل  ه ڵمژین  ش  . ل ر ش  ه م  30بوێــترن ل  ێششی ب هگریکردن ل  ێــ وایین ش یزیک ی    هو ــوی 

مو  ل ش ش دۆخ  ێــک ــت  ێــ ش  بۆ ب اوهه نوی اوی  داهوتوش.    هشای موش دیزاینوی  تۆپۆلۆایوی  

   ــە قۆیوایا ێششییاش ێــکوی   ــتاۆت  خوی اونج داێ وی  خوی اون ش پ ک وت ا  ب هۆی داێ وی ش  ل

وی ـیاج   ــ یـیی  ده ی  ل  اۆتـ ــ  ـــــ ــكـوند   كـه  خـوی اـونت ێـــــ وه   ب   ۆدک    .  ب تـه هوی ێـــــ ــ بـ  ـــــ

ی ب ه تر ی شــون    ultimate strength  ێ ق وشی  ب ه تر ش   هکكدیزاینکراش اونج مۆهی  ۆدک    

 IIلاه  مو  ل ش ش  ۆدک      ب ه تری ی شـون دا.  Young's modulusهوی  بهI لاه ڵام  ۆدک    دا به

ل ر ش  ه م  خـوش ی  كـه  تری  تـوی  تم یـیی   کـوی ک  بوش ب هۆی دیزاین  ه یـیا  ی  لاشا  ا ی ش . 

  ۆدک   ل  اوهپ کردی   وشا اون بۆ ب ه زییا ب  بوێتر یو ایرکم.



 
 

 
 

 

 

    ک وت   پ    ی ش     ن ی مژ  ڵ ش ه    تون   پ  ی ز   ه   ه      ل     ک وت   پ    نی زا ی د  ی ه   و ی اوه 
  SLA    ک  ان   ت    ب   3D-   ی   ێ  ی چوپکراش   ک ێک یو   ۆی ی ۆ ه رۆ    اوی   وشا    م 

 
 كهیه یو ه 

كن ك    ایكۆی پۆل ته  له  ییا یوهی كراش  كن ك  هه ی  كۆل ژی ته یێو ه ێ  هه پ شكه 
ه له  ای ت   ی  و ته  م ه نوی  پ ه د  كوی  به پ یاشی ت ه  ێ ك له كو په شل ر ش  هه 

 كن ك    كوی ك ش ش   ته  ییا یوهیهه 

 
 ن لایه له

 

 ى  ینـب  كـریــو ع  ـ 
 

 شا و ی شهه ش ه ییا یوهی  وهدكهكن ك  ههكولۆهیۆس له تهبه

 
 هێت وهی هپه هبه

 

 د. اشان دلشـود ابراه ـم 


