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ABSTRACT 

The auxetic structures, because of their negative Poisson ratio, have a lot of potential applications 

in the aerospace and automobile industry due to their exceptional mechanical properties under 

bending, shear, and compression loads. However, because of the rotational or bending deformation 

nature of their elements/ligaments, they normally possess low in-plane stiffness, due to which their 

applications become limited where high stiffness, energy absorption, and strength are 

simultaneously desired. So, there was a requirement of creating novel designs of auxetic structures 

capable of sustaining high in-plane loads. Moreover, an important design tool i.e. shape 

optimization was not deeply explored in the designing of the auxetic structures. Furthermore, any 

statistical study on the unit cell geometry parameters of auxetic structures was not yet carried out 

to sort out their best combination, at which the mechanical properties of auxetic structures become 

optimum. 

Therefore, to address these gaps, three novel auxetic structures were designed in this research, and 

their mechanical properties under compression and bending loads were investigated in comparison 

to the conventional re-entrant auxetic structure with the help of experimentally validated Finite 

Element Analysis (FEA) models. This comparison assisted in revealing if and how the new designs 

are superior. Then, the shape optimization was applied to all the structures under study to improve 

their specific strength and thus realize a new level of lightweight fabrication of auxetic structures. 

Later, the unit cell geometry parameters of the best-performing structure were optimized with the 

help of a statistical approach (i.e. Design of Experiment). Finally, the unit cell geometry optimized 

structures were also shape optimized to investigate the effect of simultaneous application of both 

techniques.    

The Young’s modulus and energy absorption capacity of the novel structures were found to be up 

to 122% and 200% higher than the conventional structure, respectively. Similarly, the mechanical 

performance of the shape-optimized structures was found to be considerably improved than the 

un-optimized structures i.e. up to 120% improvement in flexural modulus was noticed. Moreover, 

it was found that by unit cell geometry optimization of the auxetic structures their mechanical 

properties were enhanced up to 88%. Further, by combining the unit cell geometry optimization 

and shape optimization process the maximum amount of mechanical performance improvement 
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was observed i.e. up to 410%. Hence, in this research, novel topologically and geometrically 

optimized auxetic structures, with in-plane mechanical properties superior to the traditional ones 

were developed, which can be utilized to improve the performance of aerial, space, and road 

vehicles in terms of load-carrying capacity and fuel economy. 
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 INTRODUCTION 

1.1 Background 

Sandwich structures possess extraordinary properties like high energy absorption, flexural stiffness, 

shear strength, and buckling resistance. Owing to these exceptional properties, they have a lot of 

applications in the field of aerospace, transportation, and automobile industry. Several components 

of aircraft are made with the help of sandwich structures as mentioned in Figure 1a. Their high 

stiffness and low weight have allowed engineers to introduce innovative designs in aircraft. Due to 

their high energy absorption capacity, they are used to protect military vehicles from explosives as 

shown in Figure 1b. Especially made sandwich structures with honeycomb cores are used on surfaces 

of the satellite.  

The mechanical performance of sandwich structures depends upon the material of face sheets and 

core, their relative density, and the design of the core. Researchers have been trying to enhance the 

mechanical properties of sandwich structures by developing optimal cell structure designs and 

exploring new topologies. In recent years, there is a stream of research into a special type of sandwich 

structure having a negative Poisson’s ratio (NPR), called the auxetic sandwich structure. 

This unique behavior of materials/structures was discovered in 1987 by Lakes who also did broad 

research on various aspects of auxetic materials [1-4].  Several materials and geometries are found to 

possess an NPR including, foams [5-9], hierarchical metamaterials with fractal cuts [10, 11], 2D and 

3D lattices [12-16], structures with rotating unit cells [17-20], and Kirigami/Origami metamaterials 

[21-23]. Similarly, it was found that auxeticity can also be achieved in colloidal crystals [24]. 

These auxetic structures possess enhanced properties as compared to the conventional non-auxetic 

structures like high shear strength, indentation resistance, bending stiffness, energy absorption 

capacity, and fracture resistance. These aforementioned properties of auxetic structures make them 

potential candidates for applications that include but are not limited to textiles, aerospace, military 

equipment, medical and protective devices, sensors, and smart filters. 
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Figure 1 - Applications of sandwich structures (a) Aerospace, (b) Automobile [25, 26]. 

1.2 Sandwich structures 

A sandwich structure consists of a thick core in between the two thin face sheets. The face sheets are 

bonded on both sides of the core with the help of some adhesive material as shown in Figure 2. 

Normally the face sheets are stiff and strong and can carry tension and compression loads and the 

core has low density whose main purpose is to develop moments of inertia.  

Honeycomb Sandwich 

Landmine 

(b) 

(a) 
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The variety of sandwich structures also depends upon the type of core. The core of sandwich 

composites can be of any materials and configuration. However, generally, they are classified into 

four basic types. 

1. Solid or Foam core 

2. Honeycomb core 

3. Web core 

4. Corrugated / Truss core 

The cores are manufactured in a variety of metal and plastic materials, each offering unique 

performance qualities.  

 Aluminum honeycomb, having lightweight core material offers excellent strength and 

corrosion resistance for industrial, architectural, and transportation applications 

 Aramid fiber honeycomb, which is manufactured from DuPont Nomex® or Kevlar® paper 

(or equivalent) and can be coated with a heat-resistant phenolic resin for high-performance 

racing and aerospace applications 

 Stainless steel honeycomb core, which is used for joiner panels, bulkheads, train doors, and 

floors, or any areas where the honeycomb is subjected to hostile environments. 

 

Figure 2 - Sandwich Structures [27]. 
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1.3 Auxetic sandwich structures 

Poisson’s ratio is the ratio of the longitudinal strain to the lateral strain under an applied load. 

Normally, a structure having a positive Poisson’s ratio elongates in the tensile loading direction and 

contracts in the transverse direction. Contrarily, if the structure expands instead of contracting in the 

lateral direction, it will be considered to have a negative Poisson ratio or auxeticity. Auxetic structures 

consist of the several types. The most common are: 

1.3.1 Chiral Structure 

Chiral models are a type of auxetic cellular structure. The word Chiral means a molecule that is non-

superimposable on its mirror image. Though, this word is often used to represent the physical property 

of spinning. The chiral unit cells are formed by joining straight ligaments to the central nodes as 

shown in Figure 3. The first chiral structure was reported by Lakes [1]. The in-plane Poisson ratio of 

the two-dimensional chiral structure was examined by Prall et al. [19] through numerical and 

experimental investigation.  

 

Figure 3 - Chiral structure with a highlighted unit cell [19]. 

 

 



 5 

1.3.2 Re-entrant structure 

The first re-entrant type of cellular structure was proposed by Gibson et al. [28] in 1982. The typical 

re-entrant honeycomb is shown in Figure 4b. When the re-entrant honeycomb is stretched in the 

horizontal direction the externally vertical diagonal ribs move in the outward direction. However, for 

the re-entrant and honeycombs cellular structures, the flexure of diagonal ribs cannot be avoided. 

Thus, the auxetic behavior of the re-entrant structure was attributed to the flexure of ribs. A theoretical 

model was developed by Master et al. [29] for 2D re-entrant structures based on the deformation of 

cells by stretching, flexure, and hinging. It was observed that for cells of traditional honeycomb 

geometry, the cells elongate along the deformation direction by hinging the ribs. However, after the 

modifications of honeycomb cell geometry to re-entrant geometry, the structure elongates both along 

with the longitudinal and transverse directions. Hence the re-entrant honeycomb deforming by rib 

hinging is an auxetic structure.  

 

Figure 4 - Comparison of auxetic and conventional behavior (a) Conventional Honeycomb, (b) 

Re-entrant Honeycomb [30]. 

(a) (b) 
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1.4 Manufacturing techniques of sandwich structures  

Sandwich structures are manufactured by many methods like: 

1.4.1 Hand lay-up  

A hand lay-up method is a manual approach as shown in Figure 5a. This is the least complicated and 

simplest method. First of all, the mold is manufactured according to the final shape of the sandwich 

structure. Then, the resin and fabric layers are applied successively to the mold. After each layer of 

fabric, epoxy is placed in between for bonding. A roller is used to fix the bond and to push the 

excessive epoxy out of the layers. The fabric and epoxy are placed one above the other until the 

required thickness is achieved. This method requires human effort and it is used only for small-scale 

production. Its disadvantage is that you cannot maintain uniformity. However, nowadays several 

advances in technology have created some improvements in this process.  

1.4.2 Resin transfer moulding  

In this method the fiber and core are placed in the mold and resin is injected as shown in Figure 5b. 

This injection is either done by pressure or through gravity. Curing is done by heating. The material 

for the mold is chosen to keep in mind that it could give good heat transfer and can also be used 

repeatedly. This technique is used for manufacturing relatively larger parts. 

1.4.3 Vacuum-assisted resin transfer moulding  

In this method as shown in Figure 5c, dry fibers are placed in the desired sequence. The mold used in 

this process is open and has no cover initially. However, after the layup, the mold is covered and a 

vacuum is applied. The resin is dispersed through the entire network under a vacuum. This method is 

of low cost and has minimum defects as compared to the other methods.  

1.4.4 Vacuum bagging  

In vacuum bagging, the fabrics are wetted with the resin and are laminated on both sides of the core, 

and the vacuum bag is sealed on the laminate as shown in Figure 5d. Some pressure is applied to the 

laminate to squeeze out the excessive resin. This pressure reduces the weight, optimizes the strength, 

and removes the air gaps or bubbles between the laminates.  
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Figure 5 - Sandwich structures manufacturing techniques (a) Hand Lay-up, (b) Resin 

Transfer Molding, (c) Vacuum Assisted Resin Transfer Molding, and (d) Vacuum Bagging 

[31-33]. 

1.4.5 3d printing 

Nowadays sandwich structures are also manufactured from thermoplastics using 3D printing. They 

exhibit a unique cell structure and excellent corrosion resistance that make these structures ideal for 

sandwich panels. 3D printing or rapid prototyping (RP) technology was initiated in the 1970s and it 

has created a revolt in the manufacturing industry. RP can be defined as the technology which can 

construct the 3D physical model from computer-aided design data. 3D printers can build prototypes 

of models rather than 2D pictures and these models have numerous uses in manufacturing. Like, 

prototypes help designers to communicate with their customers and coworkers. They can also be used 

for testing, which allows exploring the strength of final parts. For example, an engineer can model an 

aero foil for a wind tunnel and can calculate drag and lift. He can also change the design to check the 
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effects on lift and drag in very less time and cost. So collectively we can say that for small production 

and complex manufacturing, RP is the best choice. The lead time of RP is relatively lesser than other 

machining techniques. This time saving helps manufacturers to launch new products very faster and 

more cheaply. 

RP is evolved into the manufacturing of functional products and is known as additive manufacturing 

(AM). It is called additive manufacturing because it involves a material addition approach contrary 

to the other machining processes which remove the material to achieve the final shape and are named 

subtractive manufacturing processes. The big advantage of AM is that it can create internal features 

very easily, which are very difficult in subtractive manufacturing processes. Still, this technique has 

some limitations like this is not economical for metals but research is going on to overcome these 

limitations.    

There is a wide range of AM technologies including Stereo Lithography, Selective Laser Sintering, 

Laminated Object Manufacturing, and Fused Deposition Modeling. However, the basic working 

principle of all the AM technologies is almost the same i.e., the machine with the help of its software 

divides the whole model into several layers and then manufactures each layer, one by one. The detail 

of the manufacturing steps are as follows: 

1.  Creation of CAD model of the part 

2.  Conversion of the CAD model into Stereo Lithography (STL) format 

3.  Slicing of STL model into thin cross-sectional layers 

4.  Fabrication of the part  

5.  Cleaning and finishing of the part 

The most commonly used AM techniques are as follows: 

1.4.5.1 Stereo lithography: 

The material used in Stereolithography (SL) is a vat of UV-curable photopolymer. A UV laser beam 

traces a path on each layer due to which the polymer solidifies and sticks to the layer below it as 

shown in Figure 6. After the first layer is complete, the elevator platform descends to the amount of 
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a single layer. Its value is normally 0.05 – 0.15 mm. After that, the resin blade moves over the part 

cross-section and recoats it with new material, and similarly, the pattern is traced over this new 

polymer by the UV laser beam, which again sticks to previous layers. Finally, a complete 3D model 

is formed. After completion, the cleaning of excess material is done by immersing the model in a 

chemical bath. It is then cured in an oven if required. 

 

Figure 6 - Stereolithography apparatus [34]. 

Advantages 

 It gives us the possibility to manufacture those parts which are impossible to manufacture in 

a single run by conventional processes. 

 The requirement for human supervision is very low and can be fully automated. 

 The resolution is very high. 

Disadvantages 

 In some models, a support structure is required. 

 Cleaning and post-processing are required. 
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1.4.5.2 Selective laser sintering: 

Selective laser sintering (SLS) is an AM technique in which a high-power laser is used to fuse small 

particles of metal, plastic, glass, or ceramic powder into a mass to get a final 3D product. The laser 

fuses the powder by scanning cross-sections on the surface of the powder bed as shown in Figure 7. 

The description of scanning cross-sections is obtained from the CAD model. After each scanning, the 

bed is lowered equally to one layer thickness. Another layer of material is put on the top and the 

process is repeated until the desired part is obtained.  

 

Figure 7 - Selective Laser Sintering Apparatus [35]. 

Advantages 

 SLS can use a wide range of commercially available powders. 

 Supporting structure is not required because the model is always covered by un-sintered 

powder. 

 Post curing is not required except if ceramic material is used. 

Disadvantages 

 During fusion extra powder is also hardened near the borderline. 
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 When stepped surfaces are manufactured roughness appears.  

1.4.5.3 Laminated object manufacturing: 

In Laminated Object Manufacturing (LOM) a laser is used to cut the profile of the object cross-

section. Profiles are cut from paper or other web material. The new layer of paper is put on the stack 

and is first joined to the previous layer by heating with the help of a hot roller as shown in Figure 8. 

Due to this heat, the plastic coating on the lower side of the paper melts and sticks to the previous 

layer. After cutting the layer, excessive paper is removed from the web. However, for some materials, 

it becomes time-consuming to remove the extra material. Some variation also has been induced in 

this method. For example, some companies use a knife instead of lasers to cut material and use 

adhesive to join the successive layers instead of melted plastic.  

 

Figure 8 - Laminated Object Manufacturing Apparatus [36]. 
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Advantages 

 This method does not require special care for undercuts and overhangs because it’s self-

supporting for them. 

 Many types of materials can be used. 

 The cost of materials for this technique is low. 

 Time consumption is less. 

Disadvantages 

 Inter layers strength is low. 

 LOM cannot print hollow parts  

1.5 Fused deposition modeling  

Fused deposition modeling (FDM) was introduced by Scott Crump almost 20 years ago. 

STRATASYS is the company that holds the trademark of the term and it markets it commercially. 

The FDM process uses thermoplastic wires as the material called filaments. Filaments are heated 

below their melting temperature at the nozzle and then are dispensed on the printing plate layer-by-

layer, to produce the desired 3D structure as shown in Figure 9. FDM 3D printers have competitive 

prices when compared to other 3D printing machines. Also, this technique is reliable and it is very 

simple to understand and operate. This is the primary reason why the FDM 3D printer is the most 

commercialized in the AM industry today.  
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Figure 9 - Fused Deposition Modelling Apparatus [37]. 

1.5.1 Printing materials of FDM 

Initially, the materials used for FDM were Polylactic Acid (PLA) and Acrylonitrile Butadiene Styrene 

(ABS) but as this technique became famous due to its low price and simple process many other 

materials were developed. Nowadays numerous types of filaments are available in the market. Their 

classification is as under: 

1) Standard filaments (PLA, ABS Nylon, etc.) 

2) Flexible filament (Thermoplastic polyurethane) 

3) Composite filaments (Fiber reinforced filaments, Conductive filaments) 

4) Special filament (Polycarbonate) 

5) Support filament (Polystyrene) 

However, the commonly used printing materials are ABS and PLA, which are explained below: 
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1.5.1.1 ABS 

ABS is one of the most commonly used materials in FDM 3D printing. ABS products can withstand 

a wide range of temperatures. ABS products are more flexible and less brittle than PLA products. 

After printing products with ABS, acetone can be used as a post-processor to give a glossy look to 

parts. ABS requires the heated bed for printing, because if the bed is not heated the parts peel off from 

the sides and the print distorts. 

1.5.1.2 PLA 

PLA is made from natural renewable resources such as tapioca products or corn starch, hence it is 

called bioplastic. PLA is environmentally friendly because it was biodegradable and is different from 

its alternatives like ABS which is petrochemical-based. It is compatible with almost all FDM-based 

3D printers including printers from MakerBot, RepRap derivatives, Ultimaker, Airwolf 3D, 

PrinterBot, Makergear, BukoBot, TypeA machines, Bits from Bytes, and many others. It gives 

minimum warping and high strength. 

1.5.2 Applications of FDM 

The applications of FDM range from large scale like a completely 3D printed car was launched in 

2011 [38] (as shown in Figure 10) to a lot of microscale applications which can be seen in [39]. The 

FDM technology has been used by the Redeye Company to manufacture engine conical plugs and 

nacelle fairings for transmitting the engine power cables to the fuselage as shown in  Figure 11a. 

Some leading aerospace companies are using FDM technology to manufacture jigs, fixtures, and also 

end-use parts for the wing assemblies in UAVs and even small aircraft.  The automotive industry uses 

this technology to print brake foot and ventilation systems as shown in Figure 11b and Figure 11c, 

respectively. Moreover, it has been found that the complex and unique geometries which are tough 

to produce with the help of traditional machining can be very easily fabricated with FDM.  
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Figure 10 - World's first 3d-printed car [40]. 

Extraordinary applications of FDM have been achieved in the fields of tissue engineering and 

medicine [41-47]. In 2008, a customized leg was printed by FDM, consisting of parts that do not 

require assembly i.e., including the knee, foot, and socket. Besides biomedical applications, FDM has 

found applications in jigs, fixtures, check gauges, and aircraft parts using high-performance 

thermoplastics like ULTEM 9085.  Continuous breakthroughs are still going on. 

 

Figure 11 - (a) Engine nacelle fairings and conical plugs, (b) Brake foot, (c) Ventilation [48, 

49]. 

 

(a) (b) (c) 
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1.6 Organization of thesis 

The main aim of this research was to design advanced auxetic structures with enhanced mechanical 

performance as compared to the conventional re-entrant structure. Therefore, in chapter two, the most 

significant research is presented with a broad literature survey. Major advantages of auxetic materials 

and structures are explained, including fracture resistance, shear resistance, variable permeability, 

synclastic behavior, and energy absorption. Afterward, some existing or possible applications of 

auxetic materials and structures are also explained. Then, the research gaps analysis was carried out, 

followed by the objectives of the research.  

Apart from the benefits and applications of conventional auxetic structures they possess low in-plane 

stiffness. Therefore, the first step of this research was to develop novel designs of auxetic structures 

which can overcome the deficiencies of the existing structures. Hence, in chapter three, novel designs 

of auxetic structures (i.e. Non-axial joints Structure NAJS, Curved Wall Structure CWS, and Mixed 

Star Structure MSS) are proposed and the methodology of producing those novel designs is also 

explained. 

In chapter four, the numerical simulations under in-plane compression and bending loads of one 

conventional (Co-axial Joints Structure CAJS) and three novel designs are conducted. Moreover, the 

preparation and experimental validation of Finite Element Analysis (FEA) models utilized for the 

numerical simulations are also explained. 

Structure optimization, which is a novel technique used to enhance the specific mechanical properties 

of structures, was not yet employed for the auxetic structures. Hence, in chapter five, initially, the 

terminologies and types of structure optimization are explained thoroughly. Then, among the several 

types, the best suitable type of structure optimization technique is chosen for the present study by 

carrying out preliminary testing. Subsequently, the shape-optimization is applied to all four structures 

under study.  

The geometry parameters of auxetic structures have a major influence on the mechanical properties 

of the auxetic structures. Therefore, it was required to sort out the best combination of unit cell 

geometry parameters of auxetic structures at which their mechanical properties become optimum. 



 17 

Since any statistical study on this topic was not found in the literature. Therefore, in chapter six, a 

statistical approach (i.e., Design of Experiment) was applied to the auxetic structures under study to 

optimize their unit cell geometry parameters.  

Chapter seven presents the effect of novel unit cell design, shape optimization, and unit cell geometry 

optimization on the mechanical performance of auxetic structures. In this chapter three types of 

comparisons are carried out. The first comparison is between the mechanical properties of 

conventional and novel designs. The second one is among the un-optimized and shape-optimized 

auxetic structures and the third one is among the structures with unit cell geometry optimized and 

structures without unit cell geometry optimized. Later, based on what was found in these comparisons, 

a unit cell was designed with both unit cell geometry optimization and shape optimization applied to 

it. Finally, the best performing structure was selected, which was suitable for high in-plane loads 

applications.    
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 LITERATURE REVIEW 

The auxetic structures have attracted great attention from academia and industry because of their 

unique mechanical properties, physical behavior, and associated numerous benefits. The unique 

properties of auxetic materials and structures are presented in the following section: 

2.1 Unique properties of auxetic structures 

2.1.1 Shear resistance 

The auxetic materials are more resistant to the shear forces than the regular materials. According to 

the classical theory of elasticity, the elastic behavior of a three-dimensional object can be presented 

by two of the following four constants: the shear modulus (G), the Poisson ratio (ν), and the young 

modulus (E), and the bulk modulus (K). Equation 1 and Equation 2 represent the relationship between 

these constants:   

 
G =

3K(1 − 2 ν )

2(1 + ν )
 (1) 

 
G =

𝐸

2(1 + ν )
 (2) 

It can be seen that as the value of the Poisson ratio decreases the shear modulus increases and as a 

result, the shear resistance enhances.  

2.1.2 Indentation resistance 

Under the local compression with the help of an indenter, the traditional materials spread in the lateral 

direction of the applied load as shown in Figure 12a. However, in the case of auxetic materials, the 

material beneath the indenter moves towards the point of application of load as shown in Figure 12b. 

According to the classical theory of elasticity, the indentation resistance of the three-dimensional 

isotropic material is closely related to its hardness (H). The correlation between the hardness and 

Poisson ratio is given in Equation 3:     
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H α  [

E

1 − ν 2
]γ  (3) 

Where: 

E= Elastic Modulus 

ν = Poisson’s ratio 

γ = 1 (for uniform pressure distribution) 

γ = 2/3 (for Hertzian indentation) 

It can be seen that when the value of ν decreases the indentation resistance of the material increases 

[50]. While for the maximum value of ν i.e. 0.5 for the 3D isotropic solids the resistance to indentation 

would be lower. However, for the 2D isotropic systems [51], which possess the Poisson ratio of 1, 

the hardness would also be infinite. Coenen et al. [52] in their work observed the enhanced indentation 

resistance of the auxetic laminates. Moreover, Durrenberger et al. [53] investigated the elastic 

properties of auxetic microstructures. They found that the indentation strength of auxetic cells was 

superior to the honeycomb cells [54]. 
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Figure 12 - Comparison of indentation resistance (a) Honeycomb and (b) Re-entrant structure 

[55]. 

2.1.3 Fracture resistance 

The fracture resistance of auxetic structures was found to be better than the traditional materials [56]. 

Moreover, their crack propagation was also observed to be lower [57]. Donoghue et al. [58] concluded 

with the help of an experimental investigation that a higher amount of energy is required to propagate 

a crack in auxetic laminate as compared to the conventional one.  

2.1.4 Synclastic behaviour 

When an out-of-plane bending moment is applied to the conventional materials, they exhibit the 

saddle shape as shown in Figure 13a. While under a similar loading condition the re-entrant type 

auxetic structure forms the dome-shaped deformation pattern as shown in Figure 13b.  The dome 

shape provides a more conducive stress distribution than the saddle shape. This is a very uncommon 

property that is reported to be useful [59] in fabricating dome-shaped structures without any additional 

machining [60]. This technique is believed to have vast potential in the medical area.  

(a) (b) 
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Figure 13 - Saddle shape and dome shape behavior of honeycomb and re-entrant structures 

upon bending [54]. 

2.1.5 Variable permeability 

The auxetic structures possess variations of the pores under tensile and compressive loadings. The 

pioneering work on this behavior of auxetic structures was carried out by Alderson [61] in 2001. They 

found that the auxetic structures possess improved filter performance from the nanoscale to the 

microscale. Since they possess unique pore-opening characteristics. Therefore, they have significant 

potential in filter applications.  

The key problems of filter systems are the reduction in filtration efficiency and the development of a 

pressure drop across the filter because the filter's pores become blocked by particulates. Polymeric 

auxetic structures have the potential to create filters with an enhanced pore size and with shape 

'tuneability'. These characteristics offer potential ways of overcoming these problems and issues. The 

pores of a conventional honeycomb membrane filter, undergoing uniaxial stretching, extend along 

the stretching direction but close up in the lateral direction. In this case, a particle blocking such a 

pore cannot be transmitted through the pore when the membrane is stretched since the effective pore 

size decreases as shown in Figure 14a. The pores of an auxetic honeycomb membrane filter, on the 

(a) (b) 

Saddle shape Dome shape 
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other hand, open up both along, and transverse to, the direction of a tensile load applied to the 

membrane, and so particulate de-fouling is thus possible in this case as shown in Figure 14b. 

 

Figure 14 – Schematic of particulate de-fouling capabilities of auxetic and non-auxetic 

honeycomb membrane filters (a) conventional membrane, (b) auxetic membrane [61]. 

2.1.6 Energy absorption 

The energy absorption characteristics of auxetic structures were also reported to be better than the 

traditional non-auxetic structures. Yang et al. [62] found that the ballistic resistance of sandwich 

panels with auxetic cores is far superior to the aluminum foam-cored panels. Mohseniazadeh et al. 

[63] carried out an experimental and simulation study to examine the mechanical performance of the 

auxetic foam-filled tube under quasi-static axial loading. They reported that the performance of 

auxetic foam-filled tubes was superior to that of conventional foam-filled tubes. Moreover, Imbalzano 
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et al. [64] reported that auxetic composite panels could absorb double the amount of impulsive energy 

under the blast, via plastic deformation as compared with the monolithic ones.  

2.2 Applications of auxetic structures 

The auxetic structures and materials exhibit a counter-intuitive behavior during deformation. 

Therefore, they offer many desirable properties to smart materials. Hence they possess potential 

applications in many fields. They can be used in medical and biomedical applications for making 

stents, blood vessels, and smart bandages. Ali et al. [65] designed and fabricated a film that was 

configured as an auxetic stent for the palliative treatment of esophageal cancer and the prevention of 

dysphagia. Further, Ali et al. [66] manufactured auxetic stent-graft and esophageal stents of small 

diameter. They found that under the tensile loading, the Poisson ratio of auxetic Polyurethane film 

varies from -0.87 to -0.963. Moreover, they reported that, at a certain pressure from the balloon 

catheter, the diameter of the auxetic esophageal stent can increase from 0.5 to 5.73 mm and the length 

can vary from 0.15 to 1.83 mm. Gatt et al. [67] proposed a new type of hierarchical auxetics which 

was based on the rotating unit cells as shown in Figure 15. It was reported that the suggested stent 

can reduce inflammation occurring by reducing the surface area of the solid portion. Further, this 

hierarchical system was found to be very suitable for manufacturing the skin grafts due to the relieving 

pressure on the swelling area.    
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Figure 15 - Hierarchical stent [68]. 

The auxetic materials and structures also possess the vast potential to be used in sports applications. 

For example, Gloves, mats, helmets, and pads [69]. Since auxetic materials possess significant energy 

absorption capability so they can be used in impact protector devices. Wang et al. [68] found that the 

auxetic cushions could bring more comfort by reducing pressure. Michalska et al. [70] conducted 

simulations on a seat in which an auxetic polyamide spring skeleton was used. They found that the 

auxetic materials can reduce the contact stress concentrations.  

 

Figure 16 - Auxetic piezoelectric sensor [71]. 
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Moreover, a promising application of auxetic materials was found in the fabrication of piezoelectric 

sensors as shown in Figure 16. Also, it was reported that the auxetic materials can enhance the 

performance of piezoelectric actuators by more than an order of magnitude [72]. Further, the property 

variable permeability of auxetic structures can be used to manufacture smart filters. Alderon et al. 

[73] with the help of very simple experiments demonstrated that auxetic structures are better than 

conventional structures in controlled pore size applications.  

 

Figure 17 - Sports shoes with auxetic skin [74]. 

Auxetic textile materials could provide higher energy absorption, comfort, wear resistance, and high 

volume change [73]. Also, a novel type of 3D auxetic fiber was developed which possesses auxetic 

behavior in all the fabric plane directions. The commercialized auxetic textiles are 

polytetrafluoroethylene and GoreTex. Moreover, the under-armor company has recently released 

sports shoes as shown in Figure 17. Prawoto [75]  has summed up the applications of auxetic materials 

from some research as shown in Table 1.  
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Table 1 - Summary of the applications of the auxetic materials (in alphabetical order) [75]. 

Field Applications 

Aerospace 
Vanes for engine, thermal protection, aircraft nose-cones, wing panel, vibration 

absorber 

Automotive 
Bumper, cushion, thermal protection, sounds, and vibration absorber parts, 

fastener 

Biomedical Bandage, wound pressure pad, dental floss, artificial blood vessel, artificial skin 

Composite Fiber reinforcement (because it reduces the cracking between fiber and matrix) 

Military 
Helmet, bulletproof vest, knee pad, glove, protective gear (better impact 

property) 

Sensors/actuators Hydrophone, piezoelectric devices, various sensors 

Textile Fibers, functional fabric, color-change straps or fabrics, threads 

2.3 Research gap analysis 

Among several auxetic structures, the re-entrant honeycomb structure, as shown in Figure 18a, has 

been studied frequently by a lot of researchers. It was observed that the auxetic structures have 

superior bending properties. They assume a dome shape upon bending that allows more conducive 

stress distribution in comparison to the saddle shape, which is assumed by the traditional honeycomb 

structure. Also, it was proved experimentally that they possess outstanding shear properties as 

compared to conventional structures [76]. Therefore, owing to higher bending and shear moduli, such 

structures are deemed to be more feasible for lightweight applications, especially in aircraft, aerospace 

structures, and automobiles [77]. These structures also offer advantages in terms of sound 

transmission, energy absorption, and impact resistance, which makes them favorable for both civil 

and military applications. However, because of the rotational or bending deformation nature of the 

elements/ligaments in auxetic structures, they normally possess low stiffness, due to which their 
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applications become limited where high stiffness, energy absorption, and strength are simultaneously 

required [78].  

Therefore, to improve the in-plane stiffness of the auxetic structures, two novels stiffened re-entrant 

and splined re-entrant honeycombs were fabricated by Zied et al. [79] as shown in Figure 18b. The 

in-plane stiffness of both new structures was improved significantly, however, the auxeticity was 

reduced. Lu et al. [80] designed a new NPR structure by adding a narrow rib into the cell of a 

conventional re-entrant structure aiming to enhance the mechanical properties. The narrow rib was 

positioned in such a way as to join the two concave vertices of the usual re-entrant unit cell, as shown 

in Figure 18c. However, it was recognized that the auxetic response decreased at higher values of 

stiffness.  

Fu et al. [81] inserted a rhombic configuration, as presented in Figure 18d, into the usual re-entrant 

structure to improve its in-plane mechanical properties. It was noticed that the in-plane Young’s 

modulus of the new structure was considerably improved. 3D extension of typical 2D re-entrant 

structure, as shown in Figure 18e, was made by Chen et al. [12] and the dependence of elastic behavior 

of 3D re-entrant structure on the geometric parameters was investigated using numerical and 

theoretical analysis techniques. It was determined that the stiffness of the 3D re-entrant structure was 

superior to the conventional 2D re-entrant structure, and the geometric parameters had a very 

significant role in determining the mechanical properties of the auxetic structure. The auxetic 

response of the typical re-entrant structure was improved by adding an extra vertical rib and 

sinusoidal-shaped ribs by Li et al. [78], as presented in Figure 18f.  

Meena et al. [82] developed a novel S-shaped unit cell based auxetic structure with hybridized star 

re-entrant unit cells and analyzed both numerically and experimentally based on physical forms 

produced by selective laser melting as shown in Figure 18g. The auxeticity was enhanced as high as 

-3. However, the relative density of the structures was not analyzed to evaluate the enhancement in 

specific mechanical properties. Cheng et al. [83] re-entrant unit cells with different variable stiffness 

factors (VSF) were designed to achieve the tenability of stiffness from the aspect of tuning the 

densification strain as shown in Figure 18j. Experimental and numerical analyses were carried out to 

verify the accuracy between the designed and the actual VSF. It is found that the compaction points 

of the proposed re-entrant structures could be tuned quantitatively using the defined VSF, which 

provides a new method for the optimal design of negative Poisson's ratio unit cell. Zhang et al. [84] 
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fabricated a hybrid auxetic metamaterial system as shown in Figure 18h consisting of different core 

unit cells and lateral missing ribs in which the symmetric star shape was a benchmark to connect the 

cross-chiral configuration with the same dimension as well as its special form of reentrant shape. In-

plane mechanical properties of the hybrid metamaterial system have been parametrically investigated 

and compared by finite element analysis to acquire the optimal RUC. However experimental 

validation was not carried out 

Bronder et al. [85] optimized the mass distribution along the struts via finite element analysis with a 

parameterized optimization as shown in Figure 18(i). Four different auxetic unit cells were taken from 

the literature and their struts parameterize, the models simulate, and the mass specific energy 

absorption capacity was optimized. It was found that the hollow struts are folding instead of bending, 

which render them much weaker than predicted by the simulation.  

The previously-mentioned work has made some achievements in enhancing the in-plane mechanical 

properties of auxetic structures. However, in most of studies the in-plane mechanical performance 

was enhanced at the cost of NPR. Hence, the coexistence of NPR and improved mechanical properties 

has not been achieved yet. Therefore, there was a requirement of designing novel auxetic structures 

capable of sustaining high in-plane loads. 
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Figure 18 - Modifications in conventional Re-entrant structure (a) Traditional Re-entrant 

structure, (b) Stiffened Re-entrant and Splined Re-entrant, (c) Narrow rib addition, (d) 
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Rhombic configuration insertion, (e) 3D extension of 2D re-entrant, and (f) Vertical rib and 

sinusoidal rib addition. 

Shape optimization involves finding the best possible geometry of a structure, such that a desired 

mechanical behavior is improved while some constraints are respected. In recent years the auxetic 

structures were designed with the help of shape optimization techniques and their NPR was evaluated. 

Shape optimization was utilized on 2D petal auxetic structures in combination with the non-uniform 

rational B-splines technique by Wang et al. [86]. It was observed that the shape-optimized auxetic 

structures possessed low values of maximum stress and the NPR. Jeong et al. [87] did the shape 

optimization of bowtie-shaped auxetic structures using beam theory and confirmed that auxetic 

structures can be tailored to yield a minimum value of the NPR. However, the effect of shape 

optimization on the mechanical behavior of auxetic structures is not deeply explored. Therefore, this 

aspect must be incorporated into auxetic structures to maximize their specific strength and thus realize 

a new level of lightweight fabrication of auxetic structures. Which can be utilized to enhance the 

performance of ariel, space, and road vehicles in terms of their load-carrying capacity and fuel 

economy. 

Moreover, the unit cell geometry parameters of auxetic structures (i.e., length, height, the wall 

thickness of unit cells, and angle of inclined walls) have a significant influence on their overall 

mechanical performance. However, no statistical study has been carried out on their geometry 

parameters to sort out the best combination at which their mechanical properties become optimum.     

2.4 Problem definition 

The conventional auxetic structures normally possess low in-plane stiffness, due to which their 

applications become limited where structural stiffness is of the top desire. Therefore, the in-plane 

stiffness of re-entrant auxetic structures is needed to be improved.  

2.5 Objectives 

The objectives of the study include: 

 Creating the new designs of auxetic structures aiming to possess enhanced mechanical 

properties than the conventional structures 

 Creating the FEA models for the conventional and newly built designs of auxetic structures 
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 Fabricating all the structures under study on fused deposition modeling 3D printer by ABS 

material and their mechanical testing 

 Validation of FEA models by comparing the FEA and experimental results 

 Drawing a comparison between the mechanical properties of conventional and novel designs 

revealing if and how the new designs are superior 

 Applying the shape optimization process on auxetic structures under study, to explore the 

capability of this technique to enhance the mechanical performance of auxetic structures 

 Optimizing the unit cell geometry parameters of the auxetic structures with the help of a 

statistical approach 

 Investigating the effect of simultaneous application of shape optimization and unit cell 

geometry optimization on the mechanical performance of auxetic structures 

 Determining which methodology (i.e., creating novel designs, shape optimization, and unit 

cell geometry optimization) has the superior capability to improve the mechanical 

performance of auxetic structures 

 Finally proposing a robust new structure with high auxetic behavior and being capable of 

sustaining high in-plane loads.  
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 DESIGN OF NOVEL AUXETIC STRUCTURES 

Since, the auxetic structures possess several unique mechanical properties which are beneficial for 

the military, transportation, and structural applications. However, they exhibit low in-plane stiffness 

which limits their applications in several fields. Therefore, envisaging novel designs of auxetic 

structures aiming to possess better in-plane mechanical properties was carried out.  

3.1 Unit cell modifications 

The conventional re-entrant auxetic structure consists of two vertical walls and four inclined walls, 

which form two joints in between the two vertical walls.  These two joints are on the same axis. 

Therefore, this structure can also be named as co-axial joint structure (CAJS), as shown in Figure 

19a. The first modification, which was made to this structure, was that the position of co-axial joints 

was changed to off-axis, as displayed in Figure 19b and named as non-axial joints structure (NAJS). 

The idea behind this modification was that the off-axis joints are more likely to deform inwards, 

which can probably increase the auxeticity of the structure. The second structure was made by 

converting the vertical walls of the co-axial joints structure to curved walls, as presented in Figure 

19c and called the curved wall structure (CWS). The walls were curved inwards to enhance the 

auxeticity of the structure. The mixed star structure (MSS), shown in Figure 19d, was made by the 

combination of two structures i.e., the co-axial joints structure and a star structure.  
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Figure 19 - Unit cell designs (a) Co-axial Joints Structure, (b) Curved Wall Structure, (c) Non-

axial Joint Structure, and (d) Mixed Star Structure. 

3.2 Relative density of conventional and novel designs 

The relative density of the cellular structures is a very crucial parameter since it directly affects their 

mechanical properties. Relative density is a measure of the densification of the structure and it 

increases with the increase in thickness of the cell walls of the structure [27]. The expression for the 

relative density of honeycomb was derived by Gibson and Ashby [28]. Using the same procedure, the 

expressions for the relative densities of all the four structures under study were derived, which are as 

follows:  
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3.2.1 Co-axial joints structure 

 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  

𝑝∗

𝑝𝑠
=  

(ℎ + 2𝑙1)𝑡

2𝑙𝑐𝑜𝑠𝜃1 (ℎ − 2𝑙1𝑠𝑖𝑛𝜃1)
 (4) 

3.2.2 Non-axial joints structure 

 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  

𝑝∗

𝑝𝑠

=  
(𝑙1 + 𝑙2 + ℎ)𝑡

𝑙1
2𝑠𝑖𝑛𝜃1𝑐𝑜𝑠𝜃1 + 𝑙2

2𝑠𝑖𝑛𝜃2𝑐𝑜𝑠𝜃2 + (ℎ − 2𝑙1𝑠𝑖𝑛𝜃1)(2𝑙1𝑐𝑜𝑠𝜃1)
 

(5) 

3.2.3 Curved wall structure 

 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  

𝑝∗

𝑝𝑠

=
2(𝑙 + 𝑟𝑠𝑖𝑛

𝛼
2)

2𝑙𝑐𝑜𝑠𝜃1(ℎ1 − 2𝑙𝑠𝑖𝑛𝜃1) + 2𝑙2𝑠𝑖𝑛𝜃1𝑐𝑜𝑠𝜃1 − 2(
𝜋𝛼
360 −

𝑠𝑖𝑛𝛼
2 )

 

(6) 

3.2.4 Mixed star structure 

 
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  

𝑝∗

𝑝𝑠

=
2𝑡(𝑙1 + 𝑙2 + 𝑙3 + 𝑙4)

2𝑙2
2𝑐𝑜𝑠𝜃1𝑠𝑖𝑛𝜃1 + 4𝑙4

2𝑐𝑜𝑠𝜃2𝑠𝑖𝑛𝜃2 + 2𝑙3
2𝑐𝑜𝑠𝜃3𝑠𝑖𝑛𝜃3 + 2𝑙4𝑐𝑜𝑠𝜃2[ℎ1 − 2𝑙4𝑠𝑖𝑛𝜃2]

 

(7) 

Where; 

𝑝∗= density of the unit cell 

𝑝𝑠= density of bulk material 

𝑙 = length of the inclined wall 

𝑡 = thickness of cell wall 
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𝜃 = Angle between the inclined wall and vertical wall 

h = Height of unit cell 

r = Radius of curve  

α = Angle subtended by the curve  

Thus, using the above-mentioned relations, the relative densities of all four structures were calculated, 

as shown in Table 2. In this research relative density was used to convert energy absorption capacity 

to specific energy absorption capacity. Thus, the effects of relative density on mechanical properties 

will be discussed in the upcoming chapters. 

Table 2 - Design parameters for the unit cells. 

 
Relative 

Density 

ℎ 

(mm) 

ℎ1 

(mm) 

𝑙1 

(mm) 

𝑙2 

(mm) 

𝑙3 

(mm) 

𝑙4 

(mm) 

𝑡 

(mm) 
𝜃1 𝜃2 𝜃3 

α 

(Degree) 

r 

(mm) 

CAJS 0.3 10 - 5.2 - - - 1 30º - - - - 

NAJS 0.3 10 - 6 4.5 - - 1 40º 30º - - - 

CWS 0.55 10 - 5.2 - - - 1 30º - - 106 6.25 

MSS 0.43 15 4.98 5.75 6.6 2.88 3.32 1 30º 30º 30º - - 

 

3.3 Summary 

In this chapter, three novel designs of auxetic structures were developed and their relative densities 

were calculated using the analytical relations. Now, it was necessary to check whether the mechanical 

performance of the newly proposed designs was superior to the conventional designs or not. Thus, 

the mechanical behavior under compression and bending loads of conventional and newly built 

designs were analyzed using numerical simulations which are explained in the next chapter.   



 36 

  



 37 

 NUMERICAL SIMULATIONS OF AUXETIC 

STRUCTURES AND THEIR EXPERIMENTAL VALIDATIONS 

Auxetic sandwich structures have to withstand several modes of loadings i.e. compression, bending, 

shear, tension, impact, torsion, etc. However, in the present research, their mechanical behavior only 

under compression and bending loads were examined. The compression mode was selected because 

it is one of the most important tests to determine the behavior of sandwich structures [88]. While 

bending mode was selected because systematical studies on the bending behavior of auxetic sandwich 

structures have not been largely explored [81]. To evaluate the compression and bending behavior, 

numerical simulations of all four structures (i.e. one conventional and three novels) were carried out. 

However, to make the results further reliable, FEA models used for numerical simulations were 

experimentally validated beforehand. 

4.1 Numerical simulations of auxetic structures under compression loads  

4.1.1 Finite element models 

The finite element models of three novel designs (i.e. NAJS, CWS, and MSS) and one conventional 

design i.e. CAJS, were constructed in ABAQUS (6.13). Two rigid face sheets were attached at the 

top and bottom of each structure using the tie constraint as shown in Figure 20. The bottom face sheet 

was fixed in all degrees of freedom using the Encastre boundary condition. The motion of the top 

face sheet was constrained in all directions, except in the Y direction. An incremental displacement 

of 15 mm at the rate of 2mm/min was applied in the negative Y direction. The dimensions of each 

structure were kept fixed as 40 x 40 x 45 mm.  
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Figure 20 - Boundary conditions applied in FEA simulation under compression loads (a) Co-

axial Joints Structure, (b) Curved Wall Structure, (c) Non-axial Joint Structure, and (d) 

Mixed Star Structure.  

The quasi-static analysis was conducted using explicit three-node linear plane stress triangular mesh 

elements of type CPS3. The mesh sensitivity analysis was carried out on all the auxetic structures 

under consideration. The size of mesh was varied and its effect on the load-displacement curves under 

compression loadings was analyzed. Figure 21 shows the loads-displacements curves of all the 

structures corresponding to their total number of elements produced by varying the global mesh size. 

It was observed that for the CAJS as shown in Figure 21a, the results were almost the same for 6756, 

7982, and 8230 elements. Hence, the convergence started at 6756 elements which were produced by 

setting the global mesh size of 0.45mm. Similarly, for NAJS convergence started at 7710 number of 
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elements/global mesh size of 0.46mm and for CWS and MSS the convergence initiated at 6986 

number of elements/global mesh size of 0.45mm and 9436 number of elements/global mesh size of 

0.45mm respectively.  The total number of nodes and the total number of elements used in the models 

are given in Table 3.  

The parent material properties of ABS as given in Table 4, were assigned to all the models which 

were obtained by uniaxial compression testing of the prismatic specimens, fabricated on fused 

deposition modeling 3D printer according to the ASTM D695 standard. ABS was selected for the 

printing because it was the low-cost, most commonly used 3D printing material with good mechanical 

properties and also was easily printable.  

Table 3 – Total number of nodes and elements used in compression FEA models 

Type of auxetic structure Total number of nodes Total number of elements 

CAJS 4564 11908 

NAJS 5114 7710 

CWS 4587 6986 

MSS 6186 9436 
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Figure 21 - Mesh sensitivity analysis (a) CAJS, (b) NAJS, (c) CWS, and (MSS). 
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Table 4 - Mechanical properties of the ABS material under compression loads. 

Material Young’s Modulus (MPa)  Yield Stress (MPa) Poisson’s Ratio Density (gm/cm3) 

ABS 1600 52 0.35 1.05 

 

4.1.2 Experimental validation 

The FEA models were validated experimentally by performing compression tests as shown in Figure 

22a-d on the four auxetic structures (i.e., one conventional and three novels) fabricated using an FDM 

3D printer made by CREATBOT as shown in Figure 23. Acrylonitrile butadiene styrene (ABS) was 

used as the printing material. The CAD models of the specimens were made in ABAQUS and the 

STL files were loaded into the 3D printer software. The STL (Stereolithographic) is a file format that 

describes the periphery, face geometry, and internal structure of a 3D object. The printer functions 

similarly to a hot glue gun, in which the filament is pushed through a heated nozzle. After passing 

through the nozzle, a thin stream of material is formed, which is accumulated on a platform called a 

bed.  
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Figure 22 - Compression testing of FDM-built auxetic structures (a) Co-axial joints structure 

(b) Non-axial joints structure, (c) Curved walls structure, and (d) Mixed star structure. 

The printing parameters of FDM were kept fixed, as listed in Table 5, which were chosen as best 

practices in FDM [89]. To make the data statistically reliable, three samples were prepared for each 

type of auxetic structure. After completing the fabrication, the compression testing was carried out 

on Instron UTM 5567 universal testing machine. The crosshead speed was kept constant at 2 mm/min. 

The force-displacement curves were recorded, which were converted to stress-strain curves according 

to the dimensions of the specimens. 
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Table 5 - Printing parameters of FDM. 

Parameter Value 

Nozzle diameter (mm) 0.75 

Layer Height (mm) 0.5 

Printing speed (mm/s) 30 

Fill density (%) 100 

Nozzle temperature (ºC) 230 

Bed temperature (ºC) 100 
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Figure 23 - FDM 3D printer (CREATBOT F-430). 

The stress-strain curves, as well as the deformation patterns of the auxetic structures, were recorded 

during FEA and experimental testing, and are shown in Figure 24. It was observed that both the results 

were in close agreement with each other. Moreover, the results of conventional CAJS were also found 

consistent with the literature [90]. Hence, the FEA simulation models for compression testing were 

considered experimentally validated. 
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Figure 24 - (i) Co-axial Joints Structure, (ii) Curved Wall Structure, (iii) Non-axial Joint 

Structure, (iv) Mixed Star Structure, (a) Comparison of stress-strain curves of experimental 

and FEA results, (b) Experimental deformation of auxetic structures. 
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4.1.3 Poisson’s ratio  

The Poisson’s ratio of the one conventional (i.e. co-axial joints structure) and three novels (i.e. non- 

axial joints structure, curved wall structure, and mixed star structure) structures was calculated using 

the methodology as employed in [91, 92], and is illustrated in Figure 25. A representative rectangular 

block of equal size was plotted on all four structures and after each interval of compression loading, 

the change in the size of the block was analyzed. The points of the rectangular block were selected 

away from the boundary conditions. For the sake of understanding, the size of the representative block 

before and after applying displacement is shown in Figure 25c. It was observed that the lateral 

dimension of the representative rectangle was reduced instead of increasing during compression 

loading. Hence, the auxetic behavior of all the structures was proved.  

 

Figure 25 - (i) Co-axial Joints Structure, (ii) Curved Wall Structure, (iii) Non-axial joints 

Structure, (iv) Mixed Star Structure, (a) Images of auxetic structures at strain levels of 0 
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mm/mm, (b) Images of auxetic structures at strain levels of 0.05 mm/mm, (c) Comparison of 

size of the rectangular block at strain interval of 0 and 0.05mm/mm, and (d) Auxetic 

structures Poisson’s ratio between strain interval of 0-0.05mm/mm. 

By comparing the Poisson’s ratio of the three novel structures with the conventional CAJS, as shown 

in Figure 25d, it was recognized that the MSS was the most auxetic structure in nature, which 

exhibited the lowest value of Poisson’s ratio throughout the observed interval of strain. Moreover, it 

was found that the auxetic behavior was increased by changing the CAJS to NAJS, which was the 

prime expectation behind carrying out this modification. On the other hand, it was supposed that the 

auxetic behavior would be enhanced by changing the straight vertical walls of the CAJS to the curved 

walls. However, it did not happen in the initial phase of compression. Though, it became true after 

0.0375 mm/mm of strain. Hence, from these results, it was revealed that the shape of the walls and 

joint position of the auxetic structures have a significant effect on their Poisson ratio.  

4.1.4 Deformation and collapse behaviour  

The deformation and collapse behavior along with the stress-strain curves of respective auxetic 

structures are presented in Figure 26. It was noticed that the CAJS and the NAJS collapsed in a row-

wise manner i.e., when both these structures were compressed in the in-plane direction, bending of 

the cell walls occurred initially which was followed by the collapse through elastic buckling, and then 

the plastic yielding. Comparing this behavior with the stress-strain curves, it was observed that the 

stress values increased initially, but when the collapse of the row began, the values of the stress started 

to decrease, till the point of the complete collapse of that row where the cell walls came in contact 

with each other. From here onwards, the next row started bearing the force and the structure again 

became stiffer and the curve started to rise. This process continued till the complete collapse of the 

structure. Thus, each rise and fall cycle in the curves could be referred to as the bending and collapse 

of one row of the structure.  

However, it was found that the ups and downs were not very significant in the stress-strain curve of 

the CWS. This was because of the reason that in this structure, the row-wise collapse behavior was 

not observed. As the compression force was applied, all the rows started to deform together and they 

collectively bear the applied force. That’s why there were minute falls in the curve, and stress 

continuously increased from 0 mm/mm strain to 0.35 mm/mm strain. The behavior of the MSS was 

almost similar to the CWS with just a difference that there were two sharp ups and downs in the curve 
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between 0.1mm/mm strain to 0.2 mm/mm strain. But these ups and downs were not that large. Hence, 

they cannot be associated with the collapse of a row. They may be due to the buckling of walls. 

However, it was observed that for all of the four structures, the collapse started from the center and 

then propagated towards the moving end and finally the fixed end collapsed. 

 

Figure 26 - Comparison of Stress-Strain curves with deformed configurations of the 

structures at each interval of strain (a) Co-axial Joints Structure, (b) Non-axial joint 

Structure, (c) Curved Wall Structure, and (d) Mixed Star Structure. 
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4.1.5 Young’s modulus 

Table 6 shows the experimental and FEA values of YM. Since, the FEA and experimental stress strain 

curves and deformation patterns were found consistent with each other as explained in section 4.1.2. 

The values of YM in Table 6 further clarify the statement that FEA and experimental results are in 

close agreement. The YM of the CAJS was found to be 36.01 MPa. The NAJS exhibited the value of 

50.3 MPa, the modulus of MSS was calculated to be 46.5 MPa and the modulus of CWS was 36.15 

MPa.  

4.1.6 Energy absorption capacity 

The specimens were compressed to reach an amount of densification strain so that the energy 

absorption capacities (EAC) of the structures could be estimated. According to [93], the densification 

strain is the strain where the slope of the tangent to the stress-strain curve becomes equal to the slope 

of the elastic region of the curves. As reported in [94], it is defined as the last local minimum before 

which the stress rises steeply. Using both the above-mentioned methodologies, the densification strain 

of CAJS was calculated to be 0.35, and the other three structures were also compressed up to the same 

amount of strain. The EACs were calculated using Equation 8. Later, the EACs were transformed into 

the specific energy absorption capacities (SEAC) using Equation 9 [90].  

 
𝑊 =  ∫ 𝜎(휀)𝑑휀

0

 (8) 

 
𝑊𝑠 =  

∫ 𝜎(휀)𝑑휀
0

∆𝜌𝜌𝑠

 (9) 

Where, 

𝑊= Energy absorption capacity 

𝑊𝑠= Specific energy absorption capacity  

∆𝜌 = relative density of the structure 

 𝜌𝑠= density of the bulk material 
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Table 6 shows the experimental and FEA values of EAC. The FEA and experimental values of EAC 

were almost similar. The EAC of conventional CAJS was found to be 0.348 x104 J/m3. While the MSS 

exhibited the value of 1.05 x104 J/m3, the value for NAJS was 0.436 x104 J/m3 and the CWS exhibited 

the value of 0.426 x104 J/m3. Hence, the novel MSS exhibited the highest value of EAC as well as 

SEAC.  

Table 6 - Mechanical properties of the conventional and novel structures under compression. 

 
Young’s Modulus 

(MPa) 

Energy Absorption 

capacity (x104 J/m3) 

Specific Energy 

Absorption capacity   

(J/kg) 

CAJS 

Exp. 1 31.89 0.360 11.43 

Exp. 2 33.14 0.357 11.33 

Exp. 3 34.97 0.344 10.92 

FEA 36.01 0.348 11.05 

NAJS 

Exp. 1 49.0 0.429 13.30 

Exp. 2 47.9 0.41 12.72 

Exp. 3 51.4 0.43 13.34 

FEA 50.3 0.44 13.64 

CWS 

Exp. 1 30.5 0.40 5.44 

Exp. 2 32.0 0.39 5.31 

Exp. 3 30.2 0.41 5.58 

FEA 36.15 0.43 5.85 

MSS Exp. 1 47.1 0.91 20.16 
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Exp. 2 43.4 0.90 20.00 

Exp. 3 43.9 0.93 20.60 

FEA 46.5 1.05 23.26 

 

4.2 Numerical simulations of auxetic structures under bending loads  

4.2.1 Finite element models 

To investigate the flexural properties of the newly proposed and conventional designs, four types of 

sandwich specimens were prepared i.e. Sandwich specimen with the core of co-axial joints structure 

(S-CAJS), Sandwich specimen with the core of Non-axial joints Structure (S-NAJS), Sandwich 

specimen with the core of Curved Wall Structure (S-CWS), and Sandwich specimen with a core of 

Mixed Star Structure (S-MSS). 3 rigid rollers (each of 5 mm radius) were assembled to the sandwich 

in a 3-point bending set up with a support span of 72 mm as shown in Figure 27. The bottom side 

rollers were fixed in all degrees of freedom. While the movement of the top side roller was constrained 

in all directions except in the Y direction. An incremental displacement of 15 mm at the rate of 

2mm/min in the negative Y direction was given to the upper roller.  
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Figure 27 - Boundary conditions applied in FEA simulation under bending loads (a) Co-axial 

Joints Structure, (b) Curved Wall Structure, (c) Non-axial Joint Structure, and (d) Mixed 

Star Structure. 

Table 7 - Dimensions of the sandwich panel. 

Length Width Core height Face sheet thickness 

L (mm) b (mm) c (mm) t (mm) 

110 15 40 1 

The dimensions of the sandwich specimens as displayed in Figure 29 are given in Table 7. The quasi-

static analysis was conducted using explicit three-node linear plane stress triangular mesh elements 

of type CPS3. The mesh sensitivity analysis of S-CAJS was carried out as shown in Figure 28. The 

size of the mesh was changed and its effect on load-displacements curves under bending was 

analyzed. The results were found to be converged at a global mesh size of 0.5mm (i.e. 11908 
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elements). Hence, a mesh size of 0.5mm was assigned to all the models. The total number of nodes 

used in the models is given in Table 8. Both the core and face sheets were assigned the parent material 

properties of ABS (as given in Table 9) which were calculated from 3-point bending tests of ABS 

specimens according to ASTM D790 standard. 

 

Figure 28 - Mesh sensitivity analysis of S-CAJS 

Table 8 - Total number of nodes and elements used in bending FEA models 

Type of auxetic structure Total number of nodes  Total number of elements 

CAJS 8588 11908 

NAJS 9256 14032 

CWS 8302 12664 
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MSS 11196 17079 

 

 

Figure 29 - Sandwich panel for flexural testing. 

Table 9 - Mechanical properties of the ABS material under bending loads. 

Material Flexural Modulus 

(GPa)  

Flexural Yield 

Stress (MPa) 
Poisson’s Ratio Density (gm/cm3) 

ABS 2100 60 0.35 1.05 

4.2.2 Experimental validation 

The experimental validation of the FEA models was carried out by fabricating S-CAJS using 

CREATBOT F430 FDM 3D printer and then conducting the flexural tests on Instron UTM 5567 

machine. The load-deflection curves as well as the deformation behavior of the structures during the 
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bending tests on the UTM 5567 machine and FEA simulation were recorded and compared with each 

other as shown in Figure 30. It was noticed that the experimental and simulation load-deflection 

curves, as well as the deformation behaviors, were in close resemblance with each other. Hence, the 

FEA model was considered to be experimentally validated. This verified FEA model was later used 

to evaluate the bending performance of the other three sandwich specimens i.e. S-NAJS, S-CWS, and 

S-MSS.  

 

Figure 30 - Comparison of experimental and FEA stress-strain curves along with deformed 

configurations. 

4.2.3 Deformation and collapse behaviour 

Figure 31 shows the effect of core topology on the load-deflection curves of auxetic structures under 

bending loads. For the sandwich structures with a core of co-axial joints structure (S-CAJS) and non-

axial joints structure (S-NAJS), the load increases as the deflection increases and the curve rise 

smoothly up to 15 mm deflection. However, the behavior of the curve is different for the sandwich 

structures with the cores of curved wall structure (S-CWS) and mixed star structure (S-MSS). It was 

found that, for these two structures, the curve initially rises to the deflection of 8 mm but at this point, 

there is a downfall in the curve for both structures. The reason behind this could be understood in 

Figure 32. It was observed that for the first 2 structures the deflection is global i.e. when the top roller 

starts moving downward the complete structure starts deforming. However, for the other two 

structures, it was noticed that the deformation is local because of which after reaching a certain 

amount of force the unit cell which was beneath the top roller and was bearing a large amount of force 
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buckled, and the downfall in the curve started. However, when that unit cell completely collapsed, 

the curve again started to rise. Hence, it was found that the design of the core has a very significant 

effect on the deformation and collapse behavior of auxetic structures. 

 

Figure 31 - Load deflection curves for auxetic sandwich structures with core of (a) Co-axial 

Joints Structure (b) Curved Wall Structure (c) Non-axial joints Structure (d) Mixed Star 

Structure 

4.2.4 Flexural modulus 

Table 10 shows the mechanical properties of the novel and conventional sandwich specimens. The 

flexural modulus was calculated from Figure 31 using the methodology detailed in [81]. The flexural 

modulus of conventional S-CAJS was found to be 9.6 MPa. The S-MSS exhibited the value of 21.4 

MPa, the value of S-CWS was calculated to be 12.8 MPa and the S-NAJS exhibited 11.72 MPa.  
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4.2.5 Energy absorption capacity 

The energy absorption capacity (EAC) was calculated from the area under the curve in Figure 31 and 

using Equation 10. Which was later converted to specific energy absorption capacity (SEAC) using 

the same procedure as used for SEAC under compression loadings. From Table 10 it was found that 

up to 15 mm of deflection the EAC of S-CAJS was calculated to be 8.9 KJ. The S-MSS exhibited the 

value of 14.9 KJ, the value for S-NAJS was found to be 9.62 KJ and the value for S-CWS was 

calculated as 9.05 KJ. Hence, the S-MSS exhibited the highest value of flexural modulus, EAC, and 

SEAC.  

 
𝐸 =  ∫ 𝐹. 𝑑𝛿

𝛿

0

 (10) 
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Figure 32 - Deformed configurations of the sandwich structures at each interval of applied 

displacement (a) S-CAJS, (b) S-NAJS, (c) S-CWS, and (d) S-MSS. 

Table 10 - Mechanical properties of the conventional and novel structures under bending. 

 
Young’s Modulus 

(MPa) 

Energy Absorption 

capacity (KJ) 

Specific Energy 

Absorption 

capacity   (J.m3/kg) 

CAJS 

Exp. 1 2.75 0.495 15.71 

Exp. 2 2.69 0.499 15.84 

Exp. 3 2.59 0.485 15.40 

1 2 3 4 

(a) 

(b) 

(c) 

(d) 
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FEA 2.72 0.492 15.62 

NAJS 

Exp. 1 3.60 0.49 15.56 

Exp. 2 3.69 0.55 17.46 

Exp. 3 3.78 0.52 16.51 

FEA 3.75 0.53 16.83 

CWS 

Exp. 1 3.75 0.565 17.94 

Exp. 2 3.62 0.565 17.94 

Exp. 3 3.45 0.581 18.44 

FEA 3.76 0.574 18.22 

MSS 

Exp. 1 8.45 0.81 25.71 

Exp. 2 8.35 0.78 24.76 

Exp. 3 8.85 0.75 23.81 

FEA 8.51 0.86 27.30 

 

4.3 Summary 

In this chapter, the FEA models for compression and flexural testing of conventional and novel 

designs were prepared. Using these FEA models, the stress-strain and load-deflection curves were 

obtained for compression and flexural loadings of auxetic structures, respectively. It was found that 

the curves obtained from the FEA simulations of auxetic structures were consistent with the curves 

obtained from their experimental testing. Hence, the FEA models were considered experimentally 

validated. Using those validated models the mechanical performance (i.e. Poisson’s ratio, 

deformation and collapse behavior, Young’s modulus, and Energy absorption capacity) of auxetic 
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structures were examined. It was found that the novel mixed star structure exhibited the best 

performance under compression and bending loads.  

The results of this chapter would also be used later in chapter seven for calculating the percentage 

improvements of the mechanical properties of novel structures as compared to conventional 

structures.   
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 SHAPE OPTIMIZATION 

Structure optimization is an iterative technique that helps engineers to make structures lightweight, 

rigid and durable. Moreover, it shortens the development process by adding value to a designer's 

experience and intuition with an automated procedure. As a result, it facilitates the manufacturers to 

get innovative products to the market faster with reduced expenditures. 

5.1 Terminologies used in structure optimization 

Following are the terms which are used in the ABAQUS user interface or documentation for the 

structure optimization: 

5.1.1 Design area 

The region which is required to be modified during structure optimization is called the design area. It 

can be the entire model or a section of the model. In the present research, the whole model was 

considered for optimization. 

5.1.2 Design cycle 

Structure optimization is an iterative method in which the design variables are updated. After the 

modification of design variables, the ABAQUS performs an analysis of the modified model and 

checks that, whether the optimization solution is reached or not. Each of the iterations is called the 

design cycle.   

5.1.3 Design responses 

The design responses are the inputs of the structure optimization process. They can be like Stress, 

Stiffness, Displacement, or Eigen frequencies. The information on design responses can be gained 

from the output database (.odb) file of the ABAQUS. The design response is related to the design 

area of your model. Its value is a single scalar value e.g. total volume of some region or the maximum 

stress of a region of the model. In this research, design responses were strain energy density and 

volume. 
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5.1.4 Objective functions 

The definition of the objective of the structure optimization process is called the objective function. 

The objective function has a single scalar value. Which is calculated from the design response. The 

target of the objective function could be like minimizing the design response value or maximizing the 

design response value or minimizing the maximum design response value. 

In this research, the primary goal was to enhance the stiffness of auxetic structures. Therefore, the 

objective function selected was to minimize the design response (strain energy density) value. 

Because, when the strain energy density of some structures decreases, their stiffness increases.  

5.1.5 Constraints 

The function of the constraint in the optimization process is to restrict the value of the design response. 

For example, it can be specified that the volume of the model during the optimization process should 

not be reduced by more than 45% and the displacement in the selected region must not increase by 5 

mm. The geometric and manufacturing constraints can also be applied in the optimization process for 

example the diameter of the bearing surface should remain the same or the optimized model should 

be castable. The constraint in this study was applied to the design response of volume. 

5.1.6 Stop conditions 

A maximum number of iterations that can be performed in an optimization process is called the stop 

condition. In this study, no stop condition was applied.  

5.1.7 Optimization task 

The optimization task holds all the information regarding the objective function, constraints, design 

responses, and stop conditions. 

5.2 Types of structure optimization 

Following are the approaches to structure optimization:  

 Topology optimization 

 Shape optimization 
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 Sizing optimization 

5.2.1 Topology optimization 

Topology Optimization is a process that creates the optimum design by creating modifications in the 

initial one. In this topology process, the design variables are the densities of the elements in the design 

area. The density of the elements is changed by the optimization module during the iteration process. 

Further, the optimization module couples the density of the elements with their stiffness. As an effect, 

the optimization process removes some elements from the model by assigning them stiffness and 

mass that is very small. As a result, it is ensured that those elements no longer participate in the total 

response of the model. 

5.2.2 Shape optimization 

Shape Optimization reduces the stress concentrations by modifying the position of the nodes at the 

surface of the component. Therefore, the design variables for shape optimization are the displacement 

of the surface nodes in the design area. During the shape optimization process, the module either 

moves the node inward or moves the node outward, or leaves the node's position unchanged. The 

direction or amount of node movement can be restricted. The optimization module only modifies the 

position of corner nodes of the elements. The common objective of shape optimization is to minimize 

stress concentrations. Hence the optimization module modifies the surface of part geometry until the 

objective is complete.  

5.2.3 Sizing Optimization 

The purpose of sizing optimization is to reduce vibration and increase the stiffness of sheet metal 

components. The design variable of sizing optimization is the thickness of shell elements.  

5.3 Preliminary testing 

As explained previously, in topology optimization the mathematical model has to optimize the 

material layout in the given design space under the set of applied loads, by attaining any shape 

irrespective of the predefined configuration. Thus, if we apply topology optimization to the auxetic 

structures, it was obvious that the software would be free to change the entire shape of the structures. 

However, in the present study predefined configurations were the conventional and novel designs of 
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auxetic structures. Since the design of these structures plays a major role in determining their relative 

density and Poisson’s ratio. Therefore, the design of these structures was not desired to be altered to 

a great extent and the predefined configurations were required to be maintained during the 

optimization process. Therefore, the topology optimization was considered to be not suitable for the 

current scenario.  

Thus, in the preliminary testing, shape optimization and sizing optimization were considered. Shape 

optimization modifies the thickness of the various structural components by moving the nodes 

outwards resulting in the addition of material or inwards, resulting in the removal of material, so that 

both the objective and constraints are met. While sizing optimization varies the thickness of shell 

elements to increase the stiffness of the mechanical parts.  

Hence, both techniques were applied to the conventional co-axial joint structure and the mechanical 

properties of the optimized structures were evaluated under compression loadings. The optimization 

objective in the present study was to enhance the in-plane stiffness of the structure, while the volume 

of the structure before and after the process was constrained. The resulting stress-strain curves are 

shown in Figure 33. Moreover, the young’s modulus was calculated from the slope of the stress-strain 

curve, while the energy absorption capacity was calculated from the area under the stress-strain curve 

and Equation 8. 

Table 11 shows the mechanical properties of un-optimized, shape optimized, and sizing optimized 

co-axial joint structure (CAJS). It was found that sizing optimized CAJS has a higher young’s 

modulus than the un-optimized one. However, the energy absorption capacity of sizing optimized 

CAJS is lower than the un-optimized one. Contrarily, the shape-optimized CAJS has both the young’s 

modulus and energy absorption capacity significantly higher than the un-optimized ones. Therefore, 

among both types of optimization techniques, shape optimization was considered to be more 

beneficial than sizing optimization.  Hence, shape optimization was chosen for further studies in this 

research. 
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Figure 33 - Comparison of shape optimization and sizing optimization stress-strain curves of 

CAJS under compression loading. 

Table 11 - Effect of shape optimization and sizing optimization on mechanical properties of 

CAJS. 

 

 

 Young’s modulus (MPa) Energy absorption capacity (x104 J/m3) 

Un-

optimized 

Sizing-

optimized 

Shape-

optimized 

Un-

optimized 

Sizing-

optimized 

Shape-

optimized 

CAJS 36.01 55 76 0.348 0.34 0.362 
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5.4 Shape optimization of auxetic structures under compression loadings 

In this section, the effect of shape optimization on the mechanical performance of all the four auxetic 

structures under study i.e., three novels (NAJS, CWS, MSS) and one conventional (CAJS) auxetic 

structure was analyzed. The shape optimization of traditional and newly developed auxetic structures 

was carried out using the ABAQUS Topology Optimization Module (ATOM). The process resulted 

in four optimized structures (i.e., shape-optimized CAJS, NAJS, CWS, and MSS). Next, the 

mechanical performance of shape-optimized auxetic structures was evaluated through ABAQUS 

explicit analysis.  

Figure 34 shows all four shape-optimized structures. The color code varies from red to blue. The areas 

with the color red show that those were high-stress concentration points and the software has 

displaced the nodes at those points outwards, in turn adding the material at those points. Similarly, 

the areas with blue color code show that those were low-stress concentration points and the software 

has displaced the nodes at that regions inwards, in turn removing the material from there.  
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Figure 34 - Displacement of nodes due to shape optimization (a) Co-axial Joints Structure, (b) 

Curved Wall Structure, (c) Non-axial Joints Structure, and (d) Mixed Star Structure. 
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Figure 35 - Stress-Strain curves of the shape optimized conventional and novel auxetic 

structures. 

The stress-strain curves of all the shape-optimized structures are shown in Figure 35. The Young’s 

modulus and the energy absorption capacity were calculated for the shape-optimized structures, using 

a similar procedure as detailed in sections 4.1.5 and 4.1.6, whose values are reported in Table 12. The 

Young’s modulus of shape-optimized NAJS was found to be 95 MPa, and 76 MPa for shape-

optimized CAJS. While its value for the shape-optimized CWS and MSS was calculated to be 92 

MPa and 89 MPa, respectively. The EAC was calculated to be 0.352 x104 J/m3 for shape-optimized 

CAJS and 0.58 x104 J/m3 for shape-optimized NAJS. While its value for shape-optimized CWS and 

MSS was calculated to be 0.6 x104 J/m3 and 1.25 x104 J/m3, respectively.  
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Table 12 - Mechanical properties of shape-optimized conventional and novel structures under 

compression loads. 

5.4.1 3D printing of compression shape optimized structures 

Since the shape optimization process moves the nodes inwards or outwards, therefore, the structure 

might become difficult to manufacture practically. Hence, two samples of shape optimized CAJS 

were printed using an FDM 3D printer and were compared with their corresponding finite element 

models, as shown in Figure 36. It was found from the visual inspection and instrumentation 

measurements, that the dimensions of the printed structures were similar to their finite element model. 

Furthermore, the compression testing of the 3D printed shape-optimized CAJS was performed on a 

Universal testing machine. While the corresponding shape-optimized CAJS finite element model was 

tested using ABAQUS explicit analysis. The results of experimental and finite element analysis are 

displayed in Figure 37. It was noticed that the stress-strain curves of the experimental testing were 

consistent with the stress-strain curve of the finite element model.  

 

 Young’s modulus (MPa) Energy absorption 

capacity (x104 J/m3) 

Specific energy absorption 

capacity   (J/kg) 

CAJS 76 0.352 11.17 

NAJS 90 0.58 17.99 

CWS 92 0.60 8.16 

MSS 89 1.25 27.77 
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Figure 36 - (a) Shape optimized co-axial joints structure printed using FDM, and (b) Shape 

optimized co-axial joints structure obtained from FEA. 

Hence, it is found that the auxetic structures obtained from the ABAQUS shape optimization module 

can be fabricated by FDM 3D printing with fair accuracy. However, this statement may be considered 

valid for the particular case of the current study, since the structures prepared in this research were of 

simple geometry, and no major defects, which could affect the mechanical behavior were observed 

in the printed samples. On the other hand, if the shape optimization is applied to the complex 

structures, the pores or other irregularities may be experienced during FDM 3D printing. Hence, a 

high-quality FDM facility, or post-processing techniques as reported in [42], may be required in those 

cases to get accurate results.  
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Figure 37 - (a) Compression testing of shape optimized co-axial joint’s structure printed by 

FDM, and (b) Comparison of experimental and FEA stress-strain curves of shape optimized 

co-axial joint’s structure. 

5.5 Shape optimization of auxetic structures under bending loads  

Keeping the objectives and constraints of the optimization process exactly similar to as employed in 

compression loading, the shape optimization of auxetic structures was carried out under three-point 

bending loads. Figure 38 shows the structures obtained after the shape optimization under the bending 

loads. The red portion shows the areas which were high-stress concentration points and software has 

added the material at that points by moving the nodes outward. While the blue portion displays those 

regions which were low-stress concentration points and software has removed the material from those 

points by moving the nodes inward as displayed in the zoomed images on the right side of each 

structure.  
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Figure 38 - Displacement of nodes due to shape optimization (a) S-CAJS, (b) S-NAJS, (c) S-

CWS, and (d) S-MSS. 
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Figure 39 - Load-deflection curves obtained from 3 points bending test of shape optimized 

sandwich structures. 

The flexural modulus and the energy absorption capacity were calculated for the shape-optimized 

structures, using a similar procedure as detailed in sections 4.2.4 and 4.2.5, whose values are reported 

in Table 13. The flexural modulus of shape-optimized CAJS was found to be 10 MPa and 19.9 MPa 

for shape-optimized NAJS. While its value for the shape-optimized CWS and MSS was calculated to 

be 14.6 MPa and 47 MPa respectively. The energy absorption capacity was calculated to be 9.32 x104 

J.m3/kg for shape-optimized CAJS and 16.2 x104 J.m3/kg for shape-optimized NAJS. While its value 

for shape-optimized CWS and MSS was calculated to be 10.26 x104 J.m3/kg and 27.8 x104 J.m3/kg 

respectively.  

Therefore, from Table 13, the S-MSS was found to be the best performing structure under bending 

loads because it exhibited the highest values of modulus, EAC, and SEAC. 
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Table 13 - Mechanical properties of shape optimized conventional and novel structures under 

bending loads. 

 Flexural Modulus (MPa) Energy Absorption 

capacity (KJ) 

Specific Energy 

Absorption capacity 

(J.m3/kg) 

CAJS 3.22 0.577 18.3 

NAJS 5.29 0.922 29.26 

CWS 4.42 0.594 18.85 

MSS 15.1 1.65 52.38 

5.5.1 3D printing of flexural shape optimized structures 

In section 5.4.1 it was found that the compression shape optimized structures were 3D printable with 

an FDM machine and their results were consistent with the experimental testing. Now, for further 

confirmation, flexural shape optimized structures were also 3D printed and tested experimentally. It 

was found from the visual inspections as shown in Figure 40 that although there exist some pores in 

the FDM-built shape-optimized structures, the overall dimensions were in close tolerance with the 

shape-optimized FEA models. These pores can also be removed by varying the printing parameters 

or by applying the post-processing techniques as detailed in the literature [95].  
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Figure 40 - Shape optimized S-CAJS obtained from FEA, (b) Shape optimized S-CAJS 

printed using FDM. 

Furthermore, the flexure testing of the 3D printed S-CAJS was performed on a Universal testing 

machine. While the corresponding S-CAJS finite element model was tested using ABAQUS explicit 

analysis. The results of experimental and finite element analysis are displayed in Figure 41. It was 

noticed that the load-deflection curves of the experimental testing were consistent with the stress-

strain curve of the finite element model. Hence, it was proved that the flexural shape optimized 

auxetic structures obtained from ABAQUS can be printed with FDM. Henceforth, it was concluded 

that the shape optimization technique is very effective in enhancing the mechanical properties of 

auxetic structures under bending and compression loads.  
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Figure 41 - (a) Bending test of shape optimized co-axial joints structure printed by FDM, and 

(b) Comparison of experimental and FEA stress-strain curves of shape optimized co-axial 

joints structure. 

5.6 Summary 

In this chapter, the three types of structure optimization techniques (i.e. topology, shape, and sizing 

optimization) were explained. Moreover, it was analyzed whether the structure optimization 

technique can improve the mechanical performance of auxetic structures or not. It was found that 

both the sizing optimization as well as the shape optimization techniques can enhance the mechanical 

performance of auxetic structures. However, the shape optimization technique has the superior 

capability to improve the mechanical properties. Hence, shape optimization was found to be the most 

suitable one for this research.  

Thus, the shape optimization technique was applied to all the conventional and novel designs. The 

mechanical performance (i.e. Young’s modulus and Energy absorption capacity) of shape-optimized 

auxetic structures was examined. The shape-optimized MSS was found to possess the highest 

mechanical properties as compared to the conventional and newly built designs. Moreover, by the 3D 

printing and mechanical testing of shape-optimized structures, it was established that the shape-

optimized structures obtained from ABAQUS were able to be manufactured practically on an FDM 

3D printer. Later, in chapter seven, these results would be used to calculate the percentage 

improvement in the mechanical properties of shape-optimized structures as compared to the un-

optimized ones.   
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 OPTIMIZATION OF UNIT CELL GEOMETRY 

The geometry parameters of auxetic structures i.e., (length, height, wall thickness of unit cells, and 

angle of inclined walls) play a very significant role in determining the mechanical properties of the 

overall structure. Design of experiment (DOE) is a systematic, efficient method that enables scientists 

and engineers to study the relationship between multiple input variables and key output variables. It 

is a structured approach for collecting data and making discoveries. The advantage of this technique 

over the ad-hoc approaches is that it requires a lesser number of tests runs to analyze the effect of 

input parameters on the response variables. Moreover, this technique requires a lesser number of 

replicates than the ad-hoc techniques [96]. 

6.1 Optimization of unit cell geometry under compression loading 

6.1.1 Test plan and analysis of variance  

To prepare the test plan, Design-Expert software was utilized. In this software, there are various 

approaches available to analyze the results. In the present study, the response surface was selected 

because it evaluates the individual as well as combined effects with a reasonably smaller number of 

runs without compromising the accuracy. The mathematical form of the design is given in Equation 

11:  

Y= f (X1, X2, X3 …. Xn) + E         (11) 

Where Xi is the process parameter, E is the error due to noise and Y is the response surface. 

As found from the results shown in Table 6, Table 12, and Table 13, the un-optimized and shape-

optimized MSS exhibited the highest values of mechanical properties under compression and bending 

loads. Therefore, the unit cell geometry optimization process was applied only to the Mixed Star 

Structure (MSS) because it was found to be the best performing structure of all.  

Figure 42 shows the unit cell of the MSS along with the symbols of four design parameters (i.e., cell 

wall thickness, length of the unit cell, the height of the unit cell, and angle of the inclined wall) which 

were considered for the analysis. Table 14 shows the range of selected parameters. The range was 

selected using the methodology explained in literature [97] for star structure. The Young’s modulus, 
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Energy Absorption capacity, and Compression Strength of the structure were considered as the 

responses (performance measures). 

Table 14 - Range of parameters. 

Parameter Symbol Unit Low-Level Mid-Level High-Level 

Length of a 

unit cell 
L mm 9 31.5 45 

Wall 

thickness 
t mm 0.5 2 3 

Angle of 

inclined wall 
Ɵ Degree 10 25 40 

Height of 

unit cell 
h mm 9 31.5 45 
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Figure 42 - Parameters of Mixed star structure used for the optimization of unit cell 

geometry. 

The complete test plan proposed by DOE for compression loading comprised 22 runs including 4 

replicates, as shown in Table 15. In order to verify that the test plan is accurate or not the design of 

model was evaluated. It was found that according to recommendation there was a 3 lack of fit and 4 

degrees of freedom for pure error. Which ensured a valid lack of fit test. Moreover, standard errors 

was similar within the type of coefficient. Therefore, the design was considered accurate. 

Later, the significant parameters under compression loading were identified through conducting the 

analysis of variance (ANOVA). The ANOVA for three mechanical properties, i.e., compression 

modulus, energy absorption capacity, and compression strength, is presented in Table 16. A parameter 

was considered significant when the respective p<0.05 or in other words the confidence level was 

95%. According to the analysis results, the length of the unit cell (L) and wall thickness (t) were found 
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to be significant parameters. While the angle of inclined wall (Ɵ) and height of unit cell (h) were 

insignificant parameters. Moreover, cross-interactions were also found to significantly affect the 

energy absorption capacity only thereby revealing that this particular property depends on the 

combined effects of parameters. The lack of fit in each response model has p>0.05 which means that 

the lack of fit was insignificant and the model can interpolate between each two design points. 

Standard deviation was determined for the compression modulus, energy absorption capacity, and 

compression strength. From its value, it was found that the dispersion was low and the results had 

good repeatability. 

Table 15 - Test plan for compression loading. 

Test # Length (mm) Wall Thickness (mm) Angle (Degree) Height (mm) 

1 30 1.8 30 15 

2 21 0.5 40 25 

3 30 1.8 30 15 

4 9 1.8 30 33 

5 9 3 40 15 

6 45 0.6 10 24 

7 21 0.5 40 25 

8 9 1.8 30 33 

9 45 0.5 40 15 

10 18 3 10 22 

11 30 1.8 40 33 

12 9 0.5 10 15 
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13 45 0.6 40 45 

14 33 1.5 26 35 

15 9 0.5 40 45 

16 19 0.6 10 45 

17 45 3 10 17 

18 45 3 40 22 

19 30 1.8 40 33 

20 18 3 40 45 

21 45 2.5 10 45 

22 16 3 10 45 

 

Table 16 - Analysis of variance for response surface model under compression loading. 

Source 

Compression Modulus 

(MPa) 

Energy Absorbed (J/m3) Compression Strength 

(MPa) 

Ƥ Value Significance Ƥ Value Significance Ƥ Value Significance 

Model < 0.0001 Y < 0.0001 Y < 0.0001 Y 

A- Length 0.0065 Y < 0.0001 Y 0.07 Y 

B- Thickness < 0.0001 Y < 0.0001 Y < 0.0001 Y 

C- Angle 0.3346 N 0.86 N 0.23 N 

D- Height 0.5443 N 0.88 N 0.12 N 
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AB — — 0.0087 Y — — 

AC — — — — — — 

AD — — — — — — 

BC — — — — — — 

BD — — — — — — 

CD — — — — — — 

Lack of fit 0.69 N 3.66 N 5.33 N 

 

6.1.2 Analysis of significant unit cell parameters 

According to the test plan as given in Table 15, 22 specimens were prepared and tested using 

experimentally validated FEA models. The mechanical properties of all the specimens are given in 

Table 17. Using this data, and the DOE analysis tool, initially the effect of significant parameters on 

the mechanical performance of MSS under compression loadings were carried out.  

Table 17 - Compression properties of MSS having different geometrical parameters. 

Test # Energy Absorbed x104 

J/m3 

Compression Modulus 

(MPa) 

Compression Strength 

(MPa) 

1 0.6 9.3 3.8 

2 0.065 1.45 0.3 

3 0.6 9.3 3.8 

4 1.56 120 7 

5 1.49 133.59 6 
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6 0.0104 1.02 0.13 

7 0.065 1.45 0.3 

8 1.56 120 7 

9 0.015 3.02 0.26 

10 4.9 92.6 25 

11 0.42 28.75 1.5 

12 0.13 6.16 0.45 

13 0.0123 0.48 0.07 

14 0.18 9.64 0.95 

15 0.05 3.11 0.2 

16 0.042 2.26 0.15 

17 1.28 22.64 8 

18 1.28 22.64 8 

19 0.42 28.75 1.5 

20 2.23 70.6 9 

21 0.611 23.3 2.5 

22 1.46 85 6.5 

Figure 43 (a) demonstrates the interactive effect of wall thickness and length on the compression 

modulus of MSS. It was found that the compression modulus increased with the increase in wall 

thickness regardless of whether the interacting length was low or high. However, it was found that at 

lower values of length for example 9mm, the effect of wall thickness on the compression modulus 
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was very significant. Contrarily, when the length of the unit cell was high for example 45mm the 

compression modulus increased with the increase in wall thickness but its effect was not very 

significant. Figure 43b reveals the effect of wall thickness on the compression strength of MSS. It 

was noticed that the compression strength increased with the increase in wall thickness.  

 

Figure 43 - (a) Effect of wall thickness and length of the unit cell on Compression Modulus 

and,(b) Effect of wall thickness on Compression Strength. 

Figure 44 reveals the effect of wall thickness and length of the unit cell on the Energy absorption 

capacity (EAC) of the MSS structure. It was found that both the wall thickness and length of the unit 

cell significantly affect the EAC of MSS. The EAC increased with the increase in the wall thickness 

of the unit cell. However, it decreased with the increase in the length of a unit cell.  
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Figure 44 - Effect of (a) Wall Thickness, (b) Length of a unit cell on Energy absorption 

capacity (EAC). 

6.2 Optimization of unit cell geometry under flexural loading 

6.2.1 Test plan and analysis of variance 

The test plan proposed by DOE for the flexure testing is shown in Table 18. It consists of 22 runs 

including 4 replicates. It was found that there was a 3 lack of fit and 4 degrees of freedom for pure 

error. Moreover, standard errors was similar within the type of coefficient. Therefore, the design was 

considered accurate.  

The analysis of variance (ANOVA) for the mechanical properties, of flexure modulus, energy 

absorption capacity, and flexure strength, is presented in Table 19. According to the ANOVA, the 

length of a unit cell and wall thickness were found to be the significant parameters. While angle was 

found significant only for energy absorption capacity and height was observed significant for flexural 

modulus and flexural strength. Moreover, cross-interactions of (Length-Wall thickness) and (Length-

Height) were found significant. The lack of fit in each response model has p>0.05 which means that 
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the lack of fit was insignificant and the model can interpolate between each two design points. 

Standard deviation was determined for each of the flexural modulus, energy absorption capacity, and 

flexural strength. Its value showed that the dispersion was low and the results had good repeatability. 

Table 18 - Test plan for flexural loading. 

Test # Length (mm) Wall Thickness (mm) Angle (Degree) Height (mm) 

1 30 1.8 30 15 

2 21 0.5 40 25 

3 30 1.8 30 15 

4 9 1.8 30 33 

5 9 3 40 15 

6 45 0.6 10 24 

7 21 0.5 40 25 

8 9 1.8 30 33 

9 45 0.5 40 15 

10 18 3 10 22 

11 30 1.8 40 33 

12 9 0.5 10 15 

13 45 0.6 40 45 

14 33 1.5 26 35 

15 9 0.5 40 45 

16 19 0.6 10 45 
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17 45 3 10 17 

18 45 3 40 22 

19 30 1.8 40 33 

20 18 3 40 45 

21 45 2.5 10 45 

22 16 3 10 45 

 

Table 19 - Analysis of variance for response surface model under flexural loading. 

Source 

Flexural Modulus (MPa) Energy Absorbed (J) Flexural Strength (MPa) 

Ƥ Value Significance Ƥ Value Significance Ƥ Value Significance 

Model < 0.0001 Y < 0.0001 Y < 0.0001 Y 

A- Length  < 0.0001 Y < 0.0001 Y < 0.0001 Y 

B- Thickness < 0.0001 Y < 0.0001 Y < 0.0001 Y 

C- Angle 0.27 N 0.02 Y 0.25 N 

D- Height 0.0497 Y 0.08 N 0.01 Y 

AB < 0.0001 Y < 0.0001 Y < 0.0001 Y 

AC — — — — — — 

AD — — — — 0.02 Y 

BC — — — — — — 

BD — — — — — — 
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CD — — — — — — 

Lack of fit 0.49 N 4.77 N 1.87 N 

6.2.2 Analysis of significant unit cell parameters 

Table 20 shows the mechanical properties under flexural testing of the 22 specimens, which were 

prepared according to the test plan proposed by DOE as given in Table 18. Using the data of Table 

20, and the DOE analysis tool, the effect of significant parameters on the mechanical performance of 

MSS under bending loads were carried out.  

Table 20 - Flexural properties of MSS having different geometrical parameters. 

Test # Energy Absorbed (KJ) Flexural Modulus (MPa) Flexural Strength (MPa) 

1 0.98 16.5 6 

2 0.15 3 0.9 

3 0.98 16.5 6 

4 3.69 59 18 

5 7.01 110 36 

6 0.022 2.1 0.12 

7 0.15 3 0.9 

8 3.69 59 18 

9 0.016 1.1 0.1 

10 5.64 95.3 30 

11 0.465 8.89 3 

12 0.711 14.5 3.2 
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13 0.024 0.6 0.17 

14 0.227 4.5 1.5 

15 0.112 3.72 0.6 

16 0.102 1.6 0.6 

17 0.47 7.5 2.5 

18 0.47 7.5 2.5 

19 0.465 8.89 3 

20 4.12 77 18 

21 0.712 10.97 3.5 

22 2.979 79.67 16 

Figure 45a demonstrates the interactive effect of wall thickness and length on the flexural modulus 

of MSS. It was found that the flexural modulus increased with the increase in wall thickness. 

However, it was noticed that at lower values of length the effect of wall thickness on the flexural 

modulus was very significant. Figure 45b reveals the effect of angle on the flexural modulus of MSS. 

It was observed that the flexural modulus decreased with the increase of angle.  
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Figure 45 - Effect of (a) wall thickness and length of unit cell; (b) wall angle on Flexural 

Modulus. 

Figure 46a demonstrates the interactive effect of wall thickness and length on the Energy absorption 

capacity (EAC) of MSS. It was found that the EAC increased with the increase in wall thickness. 

However, it was observed that at the lower values of length, the effect of wall thickness on the EAC 

was very significant. Contrarily, when the length of the unit cell was high, the EAC increased with 

the increase in wall thickness but its effect was not very significant. Figure 46b reveals the interactive 

effect of height and length on the EAC of MSS. It was found that the EAC decreased with the increase 

of both length and height.  
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Figure 46 - Effect of (a) Wall thickness and length of unit cell; (b) Height of unit cell and 

length of the unit cell on Energy absorption capacity (EAC). 

Figure 47a demonstrates the interactive effect of wall thickness and length, while Figure 47b reveals 

the interactive effect of height and length on the flexural strength of MSS. The behavior in both cases 

was exactly similar to the EAC.  
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Figure 47 - Effect of (a) Wall thickness and length of unit cell; (b) Height of unit cell and 

length of a unit cell on Flexural strength. 

 

Figure 48 - Mixed Star Structure (a) Un-optimized, (b) Unit cell geometry optimized. 

6.3 Unit cell geometry optimized structure 

Using the data of Table 17 and Table 20 and the DOE optimization tool the best combination of unit 

cell geometry parameters were calculated at which response values (mechanical properties) become 

maximum. Then, the MSS was prepared in experimentlly validated ABAQUS model as explained in 
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section 4.1.2 and 4.2.1. Those unit cell parameters of MSS were set, which were proposed to be 

optimum by Design Expert as shown in Figure 48b and given in Table 21. This unit cell geometry 

optimized MSS was tested under uniaxial compression and bending loads and mechanical properties 

were calculated from ABAQUS. Moreover, the comperssion and bending specimens were also 

manufactured and tested experimentally. These mechanical properties were compared with the 

properties predicted by Design Expert and percentage error was calculated as given in Table 22. It 

was found that under the compression and bending loads the percentage error between DOE predicted, 

mean value of experiments and ABAQUS calculated was in range of 1.71% - 5.07%. Hence, the 

optimization carried out by DOE was considered validated. 

Table 21 - Design parameters for the un-optimized and geometry-optimized unit cells. 

 
Relative 

Density 

ℎ 

(mm) 

ℎ1 

(mm) 

𝑙1 

(mm) 

𝑙2 

(mm) 

𝑙3 

(mm) 

𝑙4 

(mm) 

𝑡 

(mm) 
𝜃1 𝜃2 𝜃3 

Un-optimized  0.43 15 4.98 5.75 6.6 2.88 3.32 1 30º 30º 30º 

Geometrically 

optimized 
0.75 14.8 4.7 5.98 4.3 2.71 3.7 1.46 20º 20º 30º 
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Table 22 – Mechanical properties predicted by DOE and calculated by experiment and FEA: 

extracted at the optimized unit cell geometry parameters.  

Type of loading 
Mechanical 

properties 
Predicted 

Experiment  FEA 
Error (FEA and 

predicted) 

Error 

(Experiments 

and predicted) 

Compression  

Young’s Modulus 

(MPa) 
62.9 

63 66 4.82% 4.76% 

Energy Absorption 

capacity (x104 J/m3) 
1.76 

1.88 1.83 3.9% 2.73% 

Compression 

Strength (MPa) 
8.54 

8.75 8.9 4.21% 1.71% 

Bending  

Flexural Modulus 

(MPa) 
11.6 

11.42 12 3.44% 5.07% 

Energy Absorption 

capacity (KJ) 
1.22 

1.20 1.26 3.21% 5.00% 

Flexural Strength 

(MPa) 
9.9 

9.1 9.47 4.48% 4.06% 

 

6.4 Summary 

In this chapter, using the design of the experiment technique a comprehensive plan is prepared to sort 

out the best combination of geometry parameters of mixed star structure at which the mechanical 

properties of structure become optimum under compression and bending loads. Moreover, using the 

analysis of the variance tool the parameters were found that significantly affect the mechanical 

performance of MSS. Then, utilizing the Design-Expert optimization tool, the unit cell geometry 

optimized MSS was prepared. The mechanical performance of unit cell geometry optimized MSS 

was analyzed under uniaxial compression and bending loads. The results of this chapter will later be 
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utilized in the next chapter to compare the mechanical properties of un-optimized and unit cell 

geometry-optimized structures.   
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 COMPARISON OF MECHANICAL PERFORMANCE  

This chapter explains the effect of three types of methodologies (i.e. novel designs, shape 

optimization, and unit cell geometry optimization) on the mechanical performance of auxetic 

structures. The percentage improvement in the mechanical properties was calculated, which allowed 

drawing a comparison between different techniques in terms of their capability to enhance the 

mechanical performance of auxetic structures.  

7.1 Comparison of the mechanical performance of conventional and novel designs 

7.1.1 Under the compression loads 

The comparison of stress-strain curves of the conventional structure with each of the newly made 

structures was carried out, as shown in Figure 49. It was noticed that the initial slope of the stress-

strain curve of all the novel structures was steeper than the conventional one. As shown in Figure 50a, 

Young’s modulus of the CAJS was found to be the lowest i.e., 36.01 MPa. The NAJS exhibited the 

highest value of 50.3 MPa (40% higher than the conventional CAJS), followed by the MSS whose 

modulus was calculated to be 46.5 MPa (30% higher than the CAJS), and then was the CWS with 

36.15 MPa (0.4% higher than the conventional structure).  
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Figure 49 - Comparison of the stress-strain curves of conventional and novel auxetic 

structures. 

As shown in Figure 50b the energy absorption capacity of conventional CAJS was found to be the 

lowest i.e., 0.348 x104 J/m3. While the MSS exhibited maximum value i.e., 1.05 x104 J/m3 (200% 

higher than the conventional structure), followed by NAJS with the value of 0.436 x104 J/m3 (25.3% 

higher than the conventional structure), and then was the CWS with 0.426 x104 J/m3 (22.4% higher 

than the conventional structure). The specific energy absorbed by the MSS was found to be the highest 

i.e., 23.25 J/kg (112% higher than the conventional structure). Therefore, the unit cell modifications 

carried out in this research were found to be beneficial. As a result of which, all of the novel structures 

exhibited higher in-plane stiffness and energy absorption capacities than the conventional structure.  
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Figure 50 - Comparison of mechanical properties under compression loads of conventional 

and novel auxetic structures with the help of bar charts, (a) Young’s modulus, and (b) Energy 

absorption capacity. 

7.1.2 Under the bending loads 

Figure 51 displays the comparison of load-deflection curves of conventional structures with each of 

the newly made structures. It was observed that the initial slope of all the novel structures was higher 

than the slope of conventional S-CAJS. Furthermore, shows the mechanical properties of the novel 

and conventional sandwich specimens. The flexural modulus was calculated from Figure 51 using the 

methodology detailed in [81]. As shown in Figure 52a, the flexural modulus of conventional S-CAJS 

was found to be the lowest i.e., 2.86 MPa. The S-MSS exhibited the highest value of 8.51 MPa which 

was 195% higher than the conventional one, followed by the S-NAJS with a value of 3.75 MPa (33% 

improved than the S-CAJS), and then was the S-CWS with 3.74 MPa (30% higher).   

However, if we compare the load-deflection curve of S-CWS and S-CAJS it was found that the 

maximum load at 15 millimeters displacement of S-CWS was lower than S-CAJS. Hence, by 

changing the vertical walls of the co-axial joint structure to curved walls the stiffness was improved 

but the maximum load-bearing capacity was decreased.  
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Figure 51 - Comparison of load-deflection curves of convention and novel auxetic structures. 

As shown in Figure 52b, it was found that up to 15 mm of deflection the EAC of S-CAJS was 

calculated to be 0.49 KJ. The S-MSS exhibited the maximum value i.e. 0.86 KJ (75.5% higher than 

the conventional S-CAJS) followed by S-NAJS with a value of 0.57 KJ (16.3% higher) and then was 

the S-CWS with 0.53 KJ of absorbed energy (8.16% higher than the conventional one). Therefore, all 

the novel structures exhibited higher in-plane flexural modulus and energy absorption capacity than 

the conventional structure. 
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Figure 52 - Comparison of mechanical properties under bending loads of conventional and 

novel auxetic structures with the help of bar charts, (a)Young’s modulus, and (b)Energy 

absorption capacity. 

7.2 Comparison of mechanical performance of un-optimized and shape-optimized auxetic 

structures  

7.2.1 Under the compression loads 

The mechanical performance of shape-optimized structures (i.e., CAJS, NAJS, CWS, and MSS) was 

compared with the un-optimized ones as shown in Figure 53. It was observed that the initial slope of 

all the shape-optimized structures was considerably higher than their un-optimized counterparts. The 

Young’s modulus and the energy absorption capacity were also calculated for the shape-optimized 

structures, whose values are reported along with those of the un-optimized structures in Table 23 and 

displayed with the help of bar charts in Figure 54. The Young’s modulus of shape-optimized NAJS 

was found to be highest i.e., 95 MPa (89% improved than the un-optimized one), and was lowest for 

CAJS i.e., 76 MPa (110% enhanced than the un-optimized one). The energy absorption capacity was 

calculated to be maximum for shape-optimized MSS i.e., 1.25 x104 J/m3 (9.5% enhanced than the un-

optimized one), and was minimum for CAJS i.e., 0.352 x104 J/m3 (1.5% improved than the un-

optimized one).  

Moreover, from the bar charts, it was concluded that both the energy absorption capacity and Young’s 

modulus of the auxetic structures were enhanced by the application of the shape optimization 

technique. Therefore, it is a very valuable outcome that the shape optimization technique can convert 

an auxetic structure to such a structure that is of the same volume but is stiffer and has higher energy 

absorption capacity than the un-optimized one. 
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Figure 53 - Comparison of stress-strain curves before and after shape optimization. 

Table 23 - Comparison of mechanical properties of un-optimized and shape-optimized 

structures under compression loads. 

 Young’s Modulus (MPa) Energy Absorption 

capacity (x104 J/m3) 

Specific Energy Absorption 

capacity   (J/kg) 

Un-

optimized 

Shape-

optimized 

Un-

optimized 

Shape-

optimized 

Un-

optimized 

Shape-

optimized 

CAJS 36.01 76 0.348 0.352 11.04 11.17 

NAJS 50.3 90 0.44 0.58 13.64 17.99 
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The mechanical properties of the shape-optimized auxetic structures presented in this research were 

compared with the honeycomb, re-entrant, auxetic strut, AH-V1, and AH-V2 structures found in the 

literature [90] as shown in Table 24. It was noticed that Young’s modulus of all the structures reported 

in this research was significantly higher than the structures reported in the literature. However, the 

specific energy absorption capacity of the structures proposed in the current research was almost 

similar to the structures reported in the literature, except for the MSS. The MSS exhibited a 

considerably higher value of specific energy absorption capacity. Hence, it was concluded that the 

novel MSS exhibited the best performance under uniaxial compression loading as compared to the 

other three structures under study as well as the structures reported in the literature. 

 

Figure 54 - Comparison of un-optimized and shape-optimized auxetic structures (a) Young's 

Modulus, and (b) Energy absorption capacity. 

 

 

 

 

CWS 36.15 92 0.43 0.60 5.85 8.16 

MSS 51 89 1.05 1.25 23.25 27.77 
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Table 24 - Comparison of mechanical properties of shape-optimized auxetic structures 

presented in this research and structures found in the literature. 

7.2.2 Under the bending loads 

Figure 55 shows the comparison of load-deflection curves of optimized and un-optimized structures. 

It was noticed that the slope of the curves of all the optimized sandwich structures was significantly 

higher than the un-optimized structures. Moreover, the maximum bending load sustained by the 

optimized structures was also higher than the un-optimized ones. Hence it was found that the shape 

optimization technique has improved the load-bearing capacity as well as the stiffness of the sandwich 

structures under bending loads.  

 

Present research Literature 

CAJS NAJS CWS MSS 
Honey 

comb 

Re-

entrant 

Auxetic 

strut 
AH-V1 

AH-

V2 

Young’s 

Modulus 

(MPa) 

76 95 92 89 32.5 41.7 15.2 10.7 23.2 

Specific 

Energy 

Absorbed   

(J/kg) 

11.2 17.99 8.16 27.7 17.23 10.17 13.84 8.96 12.5 
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Figure 55 - Comparison of load-deflection curves obtained from 3 points bending test of un-

Optimized and shape optimization sandwich structures. 

The flexural modulus and the energy absorption capacity were also calculated for the optimized 

structures whose values are given in comparison to the un-optimized with the help of bar charts in 

Figure 56. The flexural modulus of shape optimized S-MSS was highest i.e. 15.1 MPa (78% improved 

than the un-optimized one) and is lowest for S-CAJS i.e. 3.22 MPa (12.58% enhanced than the un-

optimized one). Similarly, the energy absorption capacity is maximum for shape optimized S-MSS 

i.e. 1.65 KJ (91.8% enhanced than the un-optimized one) and minimum for CAJS i.e. 0.577 KJ 

(17.27% improved than the un-optimized one). Also, it was noticed from Figure 56 that the energy 

absorbed and flexural modulus of all the structures was enhanced by the application of shape 

optimization.  
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Figure 56- Comparison of mechanical properties of un-optimized and shape optimized auxetic 

structures (a) Flexural Modulus, (b) Energy absorption capacity. 

7.3 Comparison of mechanical performance of unit cell geometry optimized with shape-

optimized and un-optimized auxetic structures  

7.3.1 Under the compression loads 

The mechanical properties of the unit cell geometry optimized MSS in comparison to the un-

optimized and shape optimized MSS are given in Table 25 and shown with help of bar charts in Figure 

57. It was found that the Young’s Modulus of un-optimized MSS (i.e. 59 Mpa) was at the lowest 

level. While the Young’s Modulus of shape optimized MSS (i.e. 89 Mpa) was the highest.  In between 

the two was the Young’s Modulus of unit cell geometry optimized MSS which exhibited 66 Mpa.  

Moreover, it was noticed that the energy absorption capacity (EAC) and the specific energy 

absorption capacities (SEAC) of unoptimized MSS were the lowest i.e. 1.05 x104 J/m3 and 23.3 J/kg 

respectively. While the EAC of unit cell geometry optimized MSS was 1.85 x104 J/m3. Which was 

higher than the EAC of shape optimized one i.e. 1.25x104 J/m3. Contrarily, the SEAC of unit cell 

geometry optimized MSS was 25 J/kg which was lower than the SEAC of shape optimized structure 

i.e. 32 J/kg. 

The reason behind this was that, in DOE unit cell parametric analysis, the wall thickness was found 

to have the most significant effect on mechanical performance. Hence, in the unit cell geometry 

optimization process, the mechanical performance was majorly enhanced because of the increase in 

the wall thickness. While, the increase in the wall thickness, has a direct relation to the relative density 

of the MSS structure which can be seen from Equation 7. However, the relative density was inversely 

proportional to the SEAC as given in Equation 9. So, the unit cell geometry optimization process 
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improves the mechanical performance at the cost of the increase in relative density and decrease in 

SEAC.  

On the other hand, the shape optimization process enhances the mechanical performance by 

distributing the material layout in such a way that a high amount of material is transferred to the 

highly stressed regions while the material is removed from low stressed regions keeping the overall 

amount of material to be constant. Due to this the relative density of the structure remains unchanged. 

As a result of which the SEAC of the shape optimized MSS became higher than the unit cell geometry 

optimized MSS. Therefore, it was found that both unit cell geometry optimization and shape 

optimization can enhance the mechanical performance of auxetic structures. Nevertheless, shape 

optimization has the superior capability to enhance the mechanical performance of auxetic structures 

as compared to the unit cell geometry optimization process.    

Table 25 - Mechanical properties of unoptimized, shape optimized, unit cell geometry 

optimized MSS under compression loadings. 

Young’s Modulus (MPa) 
Un-optimized 51 

Shape-optimized  89 

Unit cell geometry optimized 66 

Energy Absorption capacity 

(x104 J/m3) 

Un-optimized 1.05 

Shape-optimized  1.25 

Unit cell geometry optimized 1.83 

Specific Energy Absorption 

capacity   (J/kg) 

Un-optimized 23.3 

Shape-optimized  27.7 

Unit cell geometry optimized 25 
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Figure 57 - Bar charts of mechanical properties of unoptimized, shape-optimized unit cell 

geometry optimized MSS under compression loads. 

7.3.2 Under the bending loads 

Similar to the compression analysis, the geometry optimized MSS was tested under the bending loads 

using experimentally validated FEA models. The mechanical properties of unit cell geometry 

optimized MSS in comparison to the un-optimized and shape-optimized ones are given Table 26 and 

shown with help of bar charts in Figure 58. The results were found exactly similar to the compression 

results that Young’s modulus, EAC, and SEAC of unit cell geometry optimized structures were higher 

than the unoptimized ones but lower than the shape optimized ones.  
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Table 26 - Mechanical properties of unoptimized, shape-optimized, and unit cell geometry 

optimized MSS under bending loads. 

Young’s Modulus (MPa) 
Un-optimized 8.45 

Shape-optimized  15.1 

Unit cell geometry optimized 12 

Energy Absorption capacity 

(KJ) 

Un-optimized 0.86 

Shape-optimized  1.65 

Unit cell geometry optimized 1.3 

Specific Energy Absorption 

capacity (J.m3/kg) 

Un-optimized 27.3 

Shape-optimized  52.3 

Unit cell geometry optimized 41.2 
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Figure 58 - Bar charts of mechanical properties of un-optimized, shape optimized, unit cell 

geometry optimized MSS under bending loads. 

7.4 Effect of combined unit cell geometry and shape optimization on the mechanical 

performance of auxetic structures 

From the previous results, it was found that the mechanical performance of auxetic structures can be 

improved by the application of shape optimization as well as unit cell geometry optimization. In this 

section, the results of applying both the unit cell geometry and shape optimization simultaneously on 

the MSS are explained.  However, before the calculating the properties the FEA models used for 

combined unit cell geometry and shape optimization was experimentally validated by using simillar 

procedure as detained in section 4.1.2. The Figure 59 shows the FEA and experimental stress strain 

curves. It was found that FEA and experimental results were in close agreement to each other.  
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Figure 59 - Experimental validation of combined unit cell geometry and shape-optimized 

structure under compression loading 

Figure 60 shows the mechanical properties of combined unit cell geometry and shape optimized 

structure. It was noticed that by the simultaneous application of unit cell geometry and shape 

optimization, the MSS exhibited the compression modulus of 104Mpa which was 131% higher than 

the un-optimized, 17.9% higher than the shape optimized, and 73% higher than the unit cell geometry 

optimized MSS. While its SEAC under compression loading was found to be 32 J/kg which was 39% 

improved than the un-optimized, 14.5% improved than the shape optimized and 30% improved than 

the unit cell geometry optimized MSS.  

Similarly, by the simultaneous application of unit cell geometry and shape optimization, the flexural 

modulus of MSS was found to be 25Mpa which was 194% higher than the un-optimized, 58% higher 

than the shape optimized, and 108% higher than the unit cell geometry optimized MSS, and SEAC 

was found to be 80 J/kg (220% higher than the un-optimized, 63% higher than the shape optimized 

and 88% higher than the unit cell geometry optimized MSS).  

Therefore, it was concluded that the mechanical properties of the combined unit cell geometry 

optimized shape optimized MSS under both compression and bending loads were higher than all of 
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the other structures (i.e. un-optimized, unit cell geometry optimized, and shape optimized MSS). 

Which was according to the expectation because in this structure the optimization techniques of both 

types (i.e shape and geometry) were utilized.  

 

Figure 60- Bar charts of mechanical properties of un-optimized, shape optimized, geometry 

optimized and geometry optimized shape optimized MSS, (a) Under compression loads and 

(b) Under bending loads. 

  



 112 

 CONCLUSIONS 

In this research, advanced auxetic structures with enhanced in-plane mechanical performance as 

compared to conventional auxetic structures were developed. For that purpose, three types of 

methodologies (i.e. creating novel designs of auxetic structures, shape optimization, and unit cell 

geometry optimization) were utilized. In the first phase, three novel designs of auxetic structures (i.e. 

NAJS, CWS, and MSS) were developed. It was found that under compression loads, the novel MSS 

and NAJS possessed 40% and 30% higher Young’s modulus, and 112% and 24% higher specific 

energy absorption capacity than the conventional CAJS, respectively. The young’s modulus and 

energy absorption capacity of CWS was higher than the CAJS but its specific energy absorption 

capacity was found to be lower. This was because of its higher value of relative density. Under the 

bending loads, the MSS, NAJS, and CWS possessed 195%, 33%, and 30% higher YM, and 76%, 

16.3%, and 8.3% higher specific energy absorption capacity than the conventional structure, 

respectively. Therefore, all the novel structures exhibited higher in-plane stiffness and energy 

absorption capacities than the conventional structure. 

It was found that both the sizing optimization as well as the shape optimization techniques can 

enhance the mechanical performance of auxetic structures. However, the shape optimization 

technique has the superior capability to improve the mechanical properties. By the application of the 

shape-optimization technique on auxetic structures, under compression loads, the young’s modulus 

and specific energy absorption capacity of MSS, NAJS, CWS, and CAJS were found to be 110%, 

89%, 9.5%, 1.5%, and 21.7%, 32.2%, 47%, and 1.5% enhanced than the un-optimized structures, 

respectively. Similarly, under the bending loads, the shape-optimized MSS, NAJS, CWS and CAJS 

possessed 78%, 60%, 9.5%, and 12.58% better young’s modulus and 92%, 75%, 9.5%, and 18.3% 

improved specific energy absorption capacity than their un-optimized counterparts.  

Moreover, by the 3D printing and mechanical testing of shape-optimized structures, it was established 

that the shape-optimized structures obtained from FEA simulations can be manufactured on an FDM 

3D printer with close tolerances. Further, it was noticed that young’s modulus of all the novel 

structures reported in this research was significantly higher than the honeycomb, re-entrant, auxetic 

strut, AH-V1, and AH-V2 structures reported in the literature. However, the specific energy 

absorption capacity of the current research structures was similar/lower to the structures found in 
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literature, except for the MSS. The MSS of this research exhibited a considerably higher value of 

specific energy absorption capacity than the structures found in the literature. 

It was observed that the unit cell geometry optimization process improved the mechanical 

performance of auxetic structures at the cost of the increase in relative density and decrease in specific 

energy absorption capacity. However, by the shape-optimization process, the relative density of the 

structure remained unchanged. Therefore, the unit cell geometry optimized structures possessed a 

specific energy absorption capacity higher than the un-optimized structures but lower than the shape-

optimized structures.   

It was noticed that under the compression loads, the MSS obtained by the simultaneous application 

of unit cell geometry and shape optimization process, exhibited the young’s modulus, 131% higher 

than the un-optimized MSS, 17.9% higher than the shape-optimized one, and 73% higher than the 

unit cell geometry optimized one, and specific energy absorption capacity 39%, 14.5%, and 30% 

greater than the un-optimized, shape-optimized and unit cell geometry optimized MSS, respectively. 

Similarly, under the bending loads, the combined unit cell geometry and shape optimized MSS 

possessed 194%,58%, and 108% higher young’s modulus and 220%, 63%, and 88% greater specific 

energy absorption capacity than the un-optimized, shape-optimized and unit cell geometry optimized 

structures, respectively. 

Hence, in this study, novel auxetic structures were developed possessing in-plane mechanical 

properties significantly higher than the conventional structures. Moreover, the shape optimization and 

unit cell geometry optimization technique utilized in this research is a promising direction with the 

help of which the deficiency in the in-plane load-carrying capacity of the existing auxetic structures 

could be removed making them favorable for high in-plane load applications. 

The evaluation of mechanical properties of auxetic sandwich structures under other modes of loading 

i.e. impact, tension, torsion, shear, etc. can be carried out as future work.   

  



 114 

REFERENCES 

 

[1] R. Lakes, "Foam structures with a negative Poisson's ratio," Science, vol. 235, pp. 1038-1041, 

1987. 

[2] R. S. Lakes, "Saint-Venant end effects for materials with negative Poisson’s ratios," 1992. 

[3] R. Lakes and K. Elms, "Indentability of conventional and negative Poisson's ratio foams," 

Journal of Composite Materials, vol. 27, pp. 1193-1202, 1993. 

[4] R. Lakes, "Advances in negative Poisson's ratio materials," Advanced Materials, vol. 5, pp. 

293-296, 1993. 

[5] C. Chen and R. Lakes, "Micromechanical analysis of dynamic behavior of conventional and 

negative Poisson’s ratio foams," 1996. 

[6] A. A. Pozniak, J. Smardzewski, and K. W. Wojciechowski, "Computer simulations of auxetic 

foams in two dimensions," Smart Materials and Structures, vol. 22, p. 084009, 2013/07/23 

2013. 

[7] F. Scarpa, L. Ciffo, and J. Yates, "Dynamic properties of high structural integrity auxetic open 

cell foam," Smart Materials and Structures, vol. 13, p. 49, 2003. 

[8] M. Bianchi, F. Scarpa, and C. Smith, "Shape memory behaviour in auxetic foams: mechanical 

properties," Acta Materialia, vol. 58, pp. 858-865, 2010. 

[9] C. W. Smith, J. N. Grima, and K. E. Evans, "A novel mechanism for generating auxetic 

behaviour in reticulated foams: missing rib foam model," Acta Materialia, vol. 48, pp. 4349-

4356, 2000/11/08/ 2000. 

[10] Y. Cho, J.-H. Shin, A. Costa, T. A. Kim, V. Kunin, J. Li, et al., "Engineering the shape and 

structure of materials by fractal cut," Proceedings of the National Academy of Sciences, vol. 

111, p. 17390, 2014. 

[11] V. V. Novikov and K. W. Wojciechowski, "Negative Poisson coefficient of fractal structures," 

Physics of the Solid State, vol. 41, pp. 1970-1975, 1999/12/01 1999. 

[12] Y. Chen and M.-H. Fu, "A novel three-dimensional auxetic lattice meta-material with 

enhanced stiffness," Smart Materials and Structures, vol. 26, p. 105029, 2017/09/13 2017. 

[13] K. El Nady, F. Dos Reis, and J. F. Ganghoffer, "Computation of the homogenized nonlinear 

elastic response of 2D and 3D auxetic structures based on micropolar continuum models," 

Composite Structures, vol. 170, pp. 271-290, 2017/06/15/ 2017. 

[14] N. Karathanasopoulos, H. Reda, and J.-f. Ganghoffer, "Designing two-dimensional 

metamaterials of controlled static and dynamic properties," Computational Materials Science, 

vol. 138, pp. 323-332, 2017/10/01/ 2017. 

[15] K. W. Wojciechowski, "Two-dimensional isotropic system with a negative poisson ratio," 

Physics Letters A, vol. 137, pp. 60-64, 1989/05/01/ 1989. 

[16] L. Yang, O. Harrysson, H. West, and D. Cormier, "Mechanical properties of 3D re-entrant 

honeycomb auxetic structures realized via additive manufacturing," International Journal of 

Solids and Structures, vol. 69-70, pp. 475-490, 2015/09/01/ 2015. 

[17] J. N. Grima, A. Alderson, and K. Evans, "Auxetic behaviour from rotating rigid units," 

Physica status solidi (b), vol. 242, pp. 561-575, 2005. 

[18] G. W. Milton, "Complete characterization of the macroscopic deformations of periodic 

unimode metamaterials of rigid bars and pivots," Journal of the Mechanics and Physics of 

Solids, vol. 61, pp. 1543-1560, 2013/07/01/ 2013. 

[19] D. Prall and R. Lakes, "Properties of a chiral honeycomb with a Poisson's ratio of—1," 

International Journal of Mechanical Sciences, vol. 39, pp. 305-314, 1997. 



 115 

[20] W. Wu, X. Song, J. Liang, R. Xia, G. Qian, and D. Fang, "Mechanical properties of anti-

tetrachiral auxetic stents," Composite Structures, vol. 185, pp. 381-392, 2018. 

[21] Y. Hou, R. Neville, F. Scarpa, C. Remillat, B. Gu, and M. Ruzzene, "Graded conventional-

auxetic Kirigami sandwich structures: Flatwise compression and edgewise loading," 

Composites Part B: Engineering, vol. 59, pp. 33-42, 2014/03/01/ 2014. 

[22] Y. Tang and J. Yin, "Design of cut unit geometry in hierarchical kirigami-based auxetic 

metamaterials for high stretchability and compressibility," Extreme Mechanics Letters, vol. 

12, pp. 77-85, 2017/04/01/ 2017. 

[23] H. Yasuda and J. Yang, "Reentrant Origami-Based Metamaterials with Negative Poisson's 

Ratio and Bistability," Physical Review Letters, vol. 114, p. 185502, 05/05/ 2015. 

[24] P. M. Pigłowski, J. W. Narojczyk, A. A. Poźniak, K. W. Wojciechowski, and K. V. Tretiakov, 

"Auxeticity of Yukawa Systems with Nanolayers in the (111) Crystallographic Plane," 

Materials, vol. 10, p. 1338, 2017. 

[25] S. Antony, A. Cherouat, and G. Montay, "Hemp fibre woven fabrics/polypropylene based 

honeycomb sandwich structure for aerospace applications," Advances in aircraft and 

spacecraft science, vol. 6, p. 087, 2019. 

[26] G. Imbalzano, P. Tran, T. D. Ngo, and P. V. Lee, "Three-dimensional modelling of auxetic 

sandwich panels for localised impact resistance," Journal of Sandwich Structures & 

Materials, vol. 19, pp. 291-316, 2017. 

[27] W. D. Callister and D. G. Rethwisch, Materials science and engineering: an introduction vol. 

9: Wiley New York, 2018. 

[28] L. J. Gibson, M. F. Ashby, G. Schajer, and C. Robertson, "The mechanics of two-dimensional 

cellular materials," Proceedings of the Royal Society of London. A. Mathematical and 

Physical Sciences, vol. 382, pp. 25-42, 1982. 

[29] I. G. Masters and K. E. Evans, "Models for the elastic deformation of honeycombs," 

Composite Structures, vol. 35, pp. 403-422, 1996/08/01/ 1996. 

[30] V. H. Carneiro, J. Meireles, and H. Puga, "Auxetic materials—A review," Materials Science-

Poland, vol. 31, pp. 561-571, 2013. 

[31] M. Jawaid, M. Thariq, and N. Saba, Durability and life prediction in biocomposites, fibre-

reinforced composites and hybrid composites: Woodhead Publishing, 2018. 

[32] X. Fu, C. Zhang, R. Liang, B. Wang, and J. C. Fielding, "High temperature vacuum assisted 

resin transfer molding of phenylethynyl terminated imide composites," Polymer composites, 

vol. 32, pp. 52-58, 2011. 

[33] S. Yunus, Z. Salleh, M. Aznan, M. Berhan, A. Kalam, A. Rashid, et al., "Impacted of Vacuum 

Bag Woven Kenaf/Fiberglass Hybrid Composite," in Applied Mechanics and Materials, 2014, 

pp. 572-577. 

[34] D. Harby, T. Ollison, G. Townsend, and J. Ulmer, "A comparative study on the compression 

strength properties of 3D-printed rapid prototyped components utilizing various 

manufacturing build parameters," ed: Missouri: University of Central Missouri, 2007. 

[35] B. Pal. (2021, 6/7/2022). SLS Printing Advantages and Disadvantages | Detailed. Available: 

https://themechninja.com/11/sls-printing-advantages-and-disadvantages/ 

[36] A. Razavykia, E. Brusa, C. Delprete, and R. Yavari, "An overview of additive manufacturing 

technologies—a review to technical synthesis in numerical study of selective laser melting," 

Materials, vol. 13, p. 3895, 2020. 

[37] O. S. Carneiro, A. Silva, and R. Gomes, "Fused deposition modeling with polypropylene," 

Materials & Design, vol. 83, pp. 768-776, 2015. 

[38] E. Dyer. (2015, 26/2/2019). The World's First 3D-Printed Car Is a Blast to Drive. Available: 

https://www.popularmechanics.com/cars/a16726/local-motors-strati-roadster-test-drive/ 

http://www.popularmechanics.com/cars/a16726/local-motors-strati-roadster-test-drive/


 116 

[39] M. Hasan, J. Zhao, and Z. Jiang, "Micromanufacturing of composite materials: a review," 

International Journal of Extreme Manufacturing, vol. 1, p. 012004, 2019. 

[40] E. DYER. (2015, 6/7/2022). We Take the Wheel of the World’s First 3D-Printed Car. 

Available: https://www.caranddriver.com/news/a15353686/we-take-the-wheel-of-the-

worlds-first-3d-printed-car/ 

[41] M. Domingos, F. Chiellini, A. Gloria, L. Ambrosio, P. Bartolo, and E. Chiellini, "Effect of 

process parameters on the morphological and mechanical properties of 3D bioextruded poly 

(ε‐caprolactone) scaffolds," Rapid Prototyp J, 2012. 

[42] S. Naghieh, M. K. Ravari, M. Badrossamay, E. Foroozmehr, and M. Kadkhodaei, "Numerical 

investigation of the mechanical properties of the additive manufactured bone scaffolds 

fabricated by FDM: the effect of layer penetration and post-heating," J Mech Behav Biomed 

Mater, vol. 59, pp. 241-250, 2016. 

[43] A. Goyanes, H. Chang, D. Sedough, G. B. Hatton, J. Wang, A. Buanz, et al., "Fabrication of 

controlled-release budesonide tablets via desktop (FDM) 3D printing," Int J Pharm, vol. 496, 

pp. 414-420, 2015. 

[44] A. Goyanes, A. B. Buanz, A. W. Basit, and S. Gaisford, "Fused-filament 3D printing (3DP) 

for fabrication of tablets," Int J Pharm, vol. 476, pp. 88-92, 2014. 

[45] A. Melocchi, F. Parietti, G. Loreti, A. Maroni, A. Gazzaniga, and L. Zema, "3D printing by 

fused deposition modeling (FDM) of a swellable/erodible capsular device for oral pulsatile 

release of drugs," J Drug Deliv Sci Technol, vol. 30, pp. 360-367, 2015. 

[46] J. Skowyra, K. Pietrzak, and M. A. Alhnan, "Fabrication of extended-release patient-tailored 

prednisolone tablets via fused deposition modelling (FDM) 3D printing," Eur J Pharm Sci, 

vol. 68, pp. 11-17, 2015. 

[47] E. J. McCullough and V. K. Yadavalli, "Surface modification of fused deposition modeling 

ABS to enable rapid prototyping of biomedical microdevices," J Mater Process Technol, vol. 

213, pp. 947-954, 2013. 

[48] F. Tobe. (2014, 6/7/2022). Design aircraft faster with FDM and 3D printing. Available: 

https://www.designworldonline.com/design-aircraft-faster-fdm-3d-printing/ 

[49] L. Qu, "Materials with negative Poisson’s ratios and potential applications to aerospace and 

defense," Defense Science and Technology Organization, vol. 84, pp. 31-37, 2006. 

[50] R. Critchley, I. Corni, J. A. Wharton, F. C. Walsh, R. J. Wood, and K. R. Stokes, "A review 

of the manufacture, mechanical properties and potential applications of auxetic foams," 

physica status solidi (b), vol. 250, pp. 1963-1982, 2013. 

[51] K. V. Tretiakov and K. W. Wojciechowski, "Elasticity of two-dimensional crystals of 

polydisperse hard disks near close packing: Surprising behavior of the Poisson's ratio," The 

Journal of chemical physics, vol. 136, p. 204506, 2012. 

[52] V. Coenen and K. Alderson, "Mechanisms of failure in the static indentation resistance of 

auxetic carbon fibre laminates," physica status solidi (b), vol. 248, pp. 66-72, 2011. 

[53] J. Dirrenberger, S. Forest, and D. Jeulin, "Effective elastic properties of auxetic 

microstructures: anisotropy and structural applications," International Journal of Mechanics 

and Materials in Design, vol. 9, pp. 21-33, 2013. 

[54] M. Mir, M. N. Ali, J. Sami, and U. Ansari, "Review of mechanics and applications of auxetic 

structures," Advances in Materials Science and Engineering, vol. 2014, 2014. 

[55] T.-C. Lim, "Contact and Indentation Mechanics of Auxetic Materials," in Auxetic Materials 

and Structures, ed: Springer, 2015, pp. 171-199. 

[56] A. Bezazi, W. Boukharouba, and F. Scarpa, "Mechanical properties of auxetic carbon/epoxy 

composites: static and cyclic fatigue behaviour," physica status solidi (b), vol. 246, pp. 2102-

2110, 2009. 

http://www.caranddriver.com/news/a15353686/we-take-the-wheel-of-the-worlds-first-3d-printed-car/
http://www.caranddriver.com/news/a15353686/we-take-the-wheel-of-the-worlds-first-3d-printed-car/
http://www.designworldonline.com/design-aircraft-faster-fdm-3d-printing/


 117 

[57] J. Choi and R. Lakes, "Non-linear properties of metallic cellular materials with a negative 

Poisson's ratio," Journal of Materials Science, vol. 27, pp. 5375-5381, 1992. 

[58] J. Donoghue, K. Alderson, and K. Evans, "The fracture toughness of composite laminates 

with a negative Poisson's ratio," physica status solidi (b), vol. 246, pp. 2011-2017, 2009. 

[59] R. Lakes and R. Witt, "Making and characterizing negative Poisson's ratio materials," 

International Journal of Mechanical Engineering Education, vol. 30, pp. 50-58, 2002. 

[60] A. Lorato, P. Innocenti, F. Scarpa, A. Alderson, K. Alderson, K. Zied, et al., "The transverse 

elastic properties of chiral honeycombs," Composites Science and Technology, vol. 70, pp. 

1057-1063, 2010. 

[61] A. Alderson, J. Rasburn, K. Evans, and J. Grima, "Auxetic polymeric filters display enhanced 

de-fouling and pressure compensation properties," Membrane Technology, vol. 2001, pp. 6-

8, 2001. 

[62] S. Yang, C. Qi, D. Wang, R. Gao, H. Hu, and J. Shu, "A comparative study of ballistic 

resistance of sandwich panels with aluminum foam and auxetic honeycomb cores," Advances 

in Mechanical Engineering, vol. 5, p. 589216, 2013. 

[63] S. Mohsenizadeh, R. Alipour, M. S. Rad, A. F. Nejad, and Z. Ahmad, "Crashworthiness 

assessment of auxetic foam-filled tube under quasi-static axial loading," Materials & Design, 

vol. 88, pp. 258-268, 2015. 

[64] G. Imbalzano, P. Tran, T. D. Ngo, and P. V. Lee, "A numerical study of auxetic composite 

panels under blast loadings," Composite Structures, vol. 135, pp. 339-352, 2016. 

[65] M. N. Ali and I. U. Rehman, "An Auxetic structure configured as oesophageal stent with 

potential to be used for palliative treatment of oesophageal cancer; development and in vitro 

mechanical analysis," Journal of Materials Science: Materials in Medicine, vol. 22, pp. 2573-

2581, 2011. 

[66] M. N. Ali, J. J. Busfield, and I. U. Rehman, "Auxetic oesophageal stents: structure and 

mechanical properties," Journal of Materials Science: Materials in Medicine, vol. 25, pp. 527-

553, 2014. 

[67] R. Gatt, L. Mizzi, J. I. Azzopardi, K. M. Azzopardi, D. Attard, A. Casha, et al., "Hierarchical 

auxetic mechanical metamaterials," Scientific reports, vol. 5, pp. 1-6, 2015. 

[68] Y.-C. Wang and R. Lakes, "Analytical parametric analysis of the contact problem of human 

buttocks and negative Poisson's ratio foam cushions," International Journal of Solids and 

Structures, vol. 39, pp. 4825-4838, 2002. 

[69] K. K. Saxena, R. Das, and E. P. Calius, "Three decades of auxetics research− materials with 

negative Poisson's ratio: a review," Advanced Engineering Materials, vol. 18, pp. 1847-1870, 

2016. 

[70] M. Janus-Michalska, D. Jasińska, and J. Smardzewski, "Comparison of contact stress 

distribution for foam seat and seat of auxetic spring skeleton," International Journal of 

Applied Mechanics and Engineering, vol. 18, 2013. 

[71] A. Alderson, "A triumph of lateral thought," Chemistry & Industry, vol. 17, pp. 384-391, 1999. 

[72] B. Xu, F. Arias, S. T. Brittain, X. M. Zhao, B. Grzybowski, S. Torquato, et al., "Making 

negative Poisson's ratio microstructures by soft lithography," Advanced materials, vol. 11, pp. 

1186-1189, 1999. 

[73] K. Alderson, A. Alderson, S. Anand, V. Simkins, S. Nazare, and N. Ravirala, "Auxetic warp 

knit textile structures," physica status solidi (b), vol. 249, pp. 1322-1329, 2012. 

[74] J. Ramos. (2014, 6/7/2022). Under Armour Micro G Drive “Volt” – First Look. Available: 

https://weartesters.com/armour-micro-g-drive-volt-first-look/ 



 118 

[75] Y. Prawoto, "Seeing auxetic materials from the mechanics point of view: A structural review 

on the negative Poisson’s ratio," Computational Materials Science, vol. 58, pp. 140-153, 

2012/06/01/ 2012. 

[76] M. Mir, M. N. Ali, J. Sami, and U. Ansari, "Review of Mechanics and Applications of Auxetic 

Structures," Advances in Materials Science and Engineering, vol. 2014, p. 753496, 

2014/11/13 2014. 

[77] Z. Wang, A. Zulifqar, and H. Hu, "Auxetic composites in aerospace engineering," in 

Advanced composite materials for aerospace engineering, ed: Elsevier, 2016, pp. 213-240. 

[78] D. Li, J. Yin, L. Dong, and R. S. Lakes, "Strong re-entrant cellular structures with negative 

Poisson’s ratio," Journal of materials science, vol. 53, pp. 3493-3499, 2018. 

[79] K. Zied, M. Osman, and T. J. p. s. s. Elmahdy, "Enhancement of the in‐plane stiffness of the 

hexagonal re‐entrant auxetic honeycomb cores," vol. 252, pp. 2685-2692, 2015. 

[80] Z.-X. Lu, X. Li, Z.-Y. Yang, and F. Xie, "Novel structure with negative Poisson’s ratio and 

enhanced Young’s modulus," Composite Structures, vol. 138, pp. 243-252, 2016/03/15/ 2016. 

[81] M.-H. Fu, Y. Chen, and L.-L. Hu, "A novel auxetic honeycomb with enhanced in-plane 

stiffness and buckling strength," Composite Structures, vol. 160, pp. 574-585, 2017. 

[82] K. Meena and S. Singamneni, "Novel hybrid auxetic structures for improved in-plane 

mechanical properties via additive manufacturing," Mechanics of Materials, vol. 158, p. 

103890, 2021. 

[83] X. Cheng, Y. Zhang, X. Ren, D. Han, W. Jiang, X. G. Zhang, et al., "Design and mechanical 

characteristics of auxetic metamaterial with tunable stiffness," International Journal of 

Mechanical Sciences, vol. 223, p. 107286, 2022. 

[84] W. Zhang, S. Zhao, R. Sun, F. Scarpa, and J. Wang, "Mechanical properties of a hybrid auxetic 

metamaterial and metastructure system," Journal of Reinforced Plastics and Composites, vol. 

40, pp. 785-799, 2021. 

[85] S. Bronder, M. Adorna, T. Fíla, P. Koudelka, J. Falta, O. Jiroušek, et al., "Hybrid auxetic 

structures: Structural optimization and mechanical characterization," Advanced Engineering 

Materials, vol. 23, p. 2001393, 2021. 

[86] Z.-P. Wang, L. H. Poh, J. Dirrenberger, Y. Zhu, and S. Forest, "Isogeometric shape 

optimization of smoothed petal auxetic structures via computational periodic 

homogenization," Computer Methods in Applied Mechanics and Engineering, vol. 323, pp. 

250-271, 2017. 

[87] S. Jeong and H. H. Yoo, "Shape optimization of bowtie-shaped auxetic structures using beam 

theory," Composite Structures, vol. 224, p. 111020, 2019. 

[88] M. K. H. Muda and F. Mustapha, "Composite patch repair using natural fiber for aerospace 

applications, sustainable composites for aerospace applications," in Sustainable Composites 

for Aerospace Applications, ed: Elsevier, 2018, pp. 171-209. 

[89] M. Dawoud, I. Taha, and S. J. Ebeid, "Mechanical behaviour of ABS: An experimental study 

using FDM and injection moulding techniques," J Manuf Process, vol. 21, pp. 39-45, 2016. 

[90] A. Ingrole, A. Hao, and R. Liang, "Design and modeling of auxetic and hybrid honeycomb 

structures for in-plane property enhancement," Materials & Design, vol. 117, pp. 72-83, 2017. 

[91] T. Li, Y. Chen, X. Hu, Y. Li, and L. Wang, "Exploiting negative Poisson's ratio to design 3D-

printed composites with enhanced mechanical properties," Materials & Design, vol. 142, pp. 

247-258, 2018. 

[92] T. Li and L. Wang, "Bending behavior of sandwich composite structures with tunable 3D-

printed core materials," Composite Structures, vol. 175, pp. 46-57, 2017/09/01/ 2017. 

[93] K. C. Chan and L. S. Xie, "Dependency of densification properties on cell topology of metal 

foams," Scripta Materialia, vol. 48, pp. 1147-1152, 2003/04/14/ 2003. 



 119 

[94] M. Vural and G. Ravichandran, "Microstructural aspects and modeling of failure in naturally 

occurring porous composites," Mechanics of Materials, vol. 35, pp. 523-536, 03/01 2003. 

[95] S. Naghieh, M. K. Ravari, M. Badrossamay, E. Foroozmehr, and M. Kadkhodaei, "Numerical 

investigation of the mechanical properties of the additive manufactured bone scaffolds 

fabricated by FDM: the effect of layer penetration and post-heating," Journal of the 

mechanical behavior of biomedical materials, vol. 59, pp. 241-250, 2016. 

[96] K. A. Al-Ghamdi and G. Hussain, "On the CO2 characterization in incremental forming of 

roll bonded laminates," Journal of Cleaner Production, vol. 156, pp. 214-225, 2017. 

[97] W. Zhang, S. Zhao, R. Sun, F. Scarpa, and J. Wang, "In-plane mechanical behavior of a new 

star-re-entrant hierarchical metamaterial," Polymers, vol. 11, p. 1132, 2019. 

 


