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Maintaining the lightweight performance of sandwich structures while 

achieving good bending strength and stiffness is difficult. Core materials for these 
programmable sandwich constructions are 3D printed with hexagonal honeycomb, re-
entrant honeycomb, and circular honeycomb topologies with varying core densities. 
The bending stiffness and strength of these sandwich structures are determined by a 
three points bending test including an Acrylonitrile Butadiene Styrene core and a 
unidirectional carbon fibre reinforced polymer face sheet. The sandwich composite 
with the greater relative core density displays greater bending strength and stiffness 
than the composite with the lower relative core density. The sandwich composites 
beam with re-entrant honeycomb core exhibit the strongest bending strength and 
stiffness due to negative Poisson’s ratio. The findings were compared with 
experimental data using finite element analysis. Experiments and finite element 
analysis reveal that designed core structures can be used to regulate bending 
qualities. These results provide fresh light on the design of sandwich composite 
structures with exceptional mechanical characteristics for a broad variety of industrial 
and structural applications. 
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CHAPTER 1 
INTRODUCTION 

 

This chapter introduces the background and rationale of this research. In addition, 
the objectives and expected benefits are also informed in this chapter. Consequently, 
the thesis outline is discussed in this chapter. 
 

1.1 Background and Rationale 
Sandwich composite structures are rapidly being employed in a wide range of 

technical applications such as automotive, aerospace, satellite applications, marine 
vessels, and others. A structure is typically made up of three substructures. The 
outermost layer is a thin layer that attempts to evenly disperse burst pressure throughout 
the second and third substructure, referred to as the bonding layer and core, 
respectively. Sandwich structures have several properties that make them appealing for 
engineering applications. This includes stiffness and strength with a high mass specific 
stiffness for light weighting. Among the many forms of core structure, honeycomb 
designs offer the benefit of increasing bending stiffness and buckling resistance. A vast 
number of experiments have been carried out in order to understand the complexity of 
core designs and topologies. Meanwhile, recent advances in additive printing process 
allow for greater flexibility in both designing and constructing honeycomb structures with 
complicated core shapes. Furthermore, there is a significant need for lightweight parts 
in technical applications such as the automobile sector and others. Lightweight 
alternative materials, such as aluminium, magnesium alloy, and composite materials, are 
being used in particular to decrease the weight and enhance the rigidity of sandwich 
structures now made with conventional materials. Carbon fibre reinforced polymer, a 
typical lightweight material with particular strength and stiffness superior to metals, is 
regarded as the materials to replace traditional metals. 

The materials employed in the building of a sandwich structure, the core 
topology, and the geometry of the face layer all have an impact on its mechanical 
performance. Nonetheless, despite their technological benefits, sandwich architectures 
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are now being held back by a variety of problems. These include comparative 
assessment, which is important at the moment since potential specifiers of sandwich 
materials frequently lack the expertise and experience needed to adequately analyse 
their net advantages. In addition, novel methods to sandwich structure design and 
production are being investigated. The efficient deployment of sandwich structures 
frequently necessitates the development of novel design techniques. This might involve 
novel insights on the product concepts as well as non-traditional manufacturing 
techniques. A vast number of experiments have been carried out in order to understand 
the complexity of core designs and topologies. However, there is a scarcity of data on 
the bending behaviour of sandwich constructions with honeycomb cores composed of 
the thermoplastic materials acrylonitrile butadiene styrene. The effect of sandwich core 
geometric arrangement on bending behaviour is unknown. Tough service conditions are 
becoming increasingly prevalent, resulting in a wider range of damage hazards under 
diverse pressures such as axial compression, localized impact, and bending. When 
subjected to bending loads, the bending strength and stiffness of sandwich 
constructions must be investigated further. To use these materials in a variety of 
applications, knowing their bending behaviour is a crucial, as is a deeper 
comprehension of the various failure processes underneath static loading 
circumstances. Consequently, the goals of this study were to examine the bending 
behaviour of sandwich constructions with varied relative core densities and core 
topologies, including hexagonal honeycomb, re-entrant honeycomb, and circular 
honeycomb. The honeycomb core materials are acrylonitrile butadiene styrene, which 
was manufactured using additive manufacturing process, and the face sheet material is 
unidirectional carbon fibre reinforced polymer. The experiment's results are compared 
using finite element analysis.  
 

1.2 Objectives of Research 

• To design the three distinct core topologies with the use of additive 
manufacturing. 
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• To analyse the bending stiffness of sandwich structures with various core 
relative densities and core topologies by using finite element analysis. 

• To experimentally investigate the tensile characteristics of materials and three-
point bending behaviour of sandwich structure. 

• To verify the bending behaviour from the finite element analysis by comparing 
with the experiment. 

 

1.3 Expected Benefits 
Sandwich composite structures are increasingly being used in a variety of 

technological applications, including automotive, aerospace, satellite applications, 
marine vessels, and others. Studying the bending behaviour of sandwich composite 
structures with varied honeycomb structures might offer a better knowledge of sandwich 
structure deflection under various applied loads. Acrylonitrile butadiene styrene is used 
to create the honeycomb structure. The face sheet is composed of unidirectional caron 
fibre reinforced polymer. This information may be applied and enhanced in a variety of 
technical applications. 
 

1.4 Outline 
This thesis, excluding the introduction, was organised into four chapters. 

Chapter 2 discusses the results of a review of sandwich composite structures and 
additive manufacturing. Chapter 3 discusses the related theory of bending behaviour.  
Chapter 4 describes the technique, which includes the materials utilised, the design of 
honeycomb core cell, the preparation of tensile test specimens, the preparation of 
bending test specimens, the experiment, and the modelling and meshing of sandwich 
composite construction. In Chapter 5, the findings and discussion of this investigation 
are discussed. The conclusion of this study and recommendation for future works are 
presented in Chapter 6. 
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CHAPTER 2 
REVIEW OF EXISTING LITERATURE 

 

Sandwich structures are presently widely used as low weight materials in the 
airplane, automotive, and civil engineering sectors due to their excellent bending 
stiffness and energy absorption characteristics [1]. A structure is typically made up of 
three substructures. As illustrated in Figure 1, the outermost layer is made up of a thin 
layer that seeks to disperse burst pressure more equally across the second and third 
substructures known as the bending layer and core, respectively. Several studies have 
found that component material, geometrical parameters, and core cell design all have a 
substantial on mechanical performance [2, 3]. Sandwich constructions were often 
exposed to bending forces in engineering applications. As a consequence, bending 
performance tests, including failure load, deflection, and failure mechanism, are critical 
in practical applications [4]. 

Figure  1 The deformation of the sandwich structure [5]. 
 

Additive manufacturing is becoming increasingly popular for both research and industry 
applications. The phrase added substance refers to the fact that, rather than removing 
information to frame a section as is done in traditional technique. One of the advantages 
of 3D printing was the ability to create intricate components and products in 
combinations that would otherwise be unattainable [6]. Acrylonitrile Butadiene Styrene 
(ABS) and Polylactic Acid (PLA) are the most often used materials in 3D printing. Saad 
and Sabah [7] examined the mechanical properties of acrylonitrile butadiene styrene 
and polylactic acid produced using fused deposition modelling, a type of additive 
manufacturing technique. The design consists of a core design that increases the 
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proportion of infill by increasing the volume of hexagonal pores. Tensile strength and 
modulus were shown to increase considerably with increasing packing density. The 
increase in tensile strength and bending stiffness is due to an increase in the number of 
honeycomb cores, and as the cross-sectional area rises, so does the resistance to 
applied pressures [7]. Compared to other thermoplastics, acrylonitrile butadiene styrene 
has higher resistance to bending and elongation before breaking. Polylactic acid is 
praised for its flexibility, while acrylonitrile butadiene styrene is praised for its toughness 
[8]. Furthermore, the tensile and flexural characteristics of blended materials, as well as 
conventional ABS and PLA, were assessed using ASTM D638 for tensile testing and 
ASTM D790-17 for flexural testing. Specimens composed of 80 percent PLA and 20 
percent ABS showed higher tensile strength than other specimens, according to the 
findings. Despite the fact that samples created at lower feed rates were preferable 
because the structure of the polymer microfibres was clearer and more uniform, the 
overall strength was enhanced. However, when 100 percent ABS and 100 percent PLA 
are taken into account. In terms of flexural strength and elongation before breaking, 
acrylonitrile butadiene styrene (ABS) beat polylactic acid (PLA) [9]. This result is 
consistent with the patterns observed in conventional materials by Blok et al. [8]. 
Furthermore, the mechanical characteristics of 3D printed materials are affected by 
layer thickness and cross section form. Wan, Lin, and Hu’s study found that ABS printed 
with a thickness layer of 0.254 mm had higher tensile strength than samples printed with 
a thickness layer of 0.330 mm [10]. These findings are similar with those of Tymrak, 
Kreiger, and Pearce, who studied the tensile strength of ABS and PLA at different 
deposition layer thickness [11]. 

In particular, alternative lightweight materials such as aluminium, composite 
materials, and magnesium alloy are being used in engineering applications to reduce 
the weight and enhance the rigidity of the final product. Carbon fibre reinforced 
polymers, a product that will ultimately substitute the conventional metals in the 
construction industry is believed to be a typical light material with greater toughness and 
strength than metals. A prepreg fabric structure and stacking sequences are often 
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responsible for determining the mechanical characteristics of carbon fibre reinforced 
polymer products consisting of bending rigidity and tensile strength, as well as other 
qualities [12-14]. The majority of these research have solely looked at the mechanical 
properties of carbon fibre reinforced polymer plates, which includes their bending 
behaviour when subjected to a variety of stacking angles. Therefore, more study is 
required in addition to enable the evaluation of the mechanical characteristics of carbon 
fibre reinforced polymers in sandwich structures to be carried out. 

Honeycomb structures have seen greater application because to the growing 
need for lightweight and performance-based materials in the structural domain. Auxetic 
materials, also known as negative Poisson’s ratio materials, are a unique family of 
mechanical metamaterials that exhibit the odd property of getting thicker when 
expanded [15]. The unit cell’s geometric configuration and the mechanical properties of 
the core fabric may be used to define the straight elastic behaviour of typical 
honeycombs [16]. Numerous studies have been carried out to determine the effect of a 
negative Poisson’s ratio on the mechanical properties of honeycomb cores. Li et al. [17] 
investigated the mechanical properties of honeycomb cores with a negative Poisson’s 
ratio, which included a chiral truss and a re-entrant honeycomb, in order to better 
understand their behaviour. When compared to the non-negative Poisson’s ratio, which 
comprised a honeycomb and a truss, this set of cores performs better. It has been 
demonstrated that auxetic lattice reinforced composites outperform non-auxetic lattice 
reinforced composites in terms of mechanical performance, providing a unique mix of 
energy absorption and rigidity. On the other hand, Miller et al. [18] investigated the 
mechanical properties of a honeycomb core with chiral structure. The data indicated 
that the structures had a negative Poisson’s ratio, which corroborated Li et al. [17]. The 
major criteria determining flexure characteristics, according to prior study, are sheet 
thickness, honeycomb height, and honeycomb orientation [5]. Sandwich cores 
constructed of Nomex paper honeycombs are the most effective. These lightweight 
cores have poor compressive and shear properties, which causes them to deflect 
significantly. Although these sandwich structures are generally built of conventional 
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thermoset or metallic mixed incompatible materials, they provide a recycling problem 
because they are not recyclable. Recyclable thermoplastic materials are becoming 
increasingly common in modern engineering applications as a means of addressing this 
problem. Gao et al. [19] developed fully thermoplastic honeycomb sandwich structures 
made of continuous glass fibre reinforced polypropylene face sheets, a polypropylene 
core, and a thermoplastic film assembly. Meanwhile, the ply sequence and the 
thickness of the face sheet had the largest impact on the failure modes, which were 
mostly Li and Ma in incidence [5, 19]. According to certain research, the sandwich 
beam’s bending characteristics are influenced by the core topologies. It may be quite 
difficult to create a sandwich construction that is both lightweight and strong. However, 
data on the bending behaviour of sandwich structures with different honeycomb core 
architectures made of the thermoplastic materials acrylonitrile butadiene styrene are 
few. It is uncertain what influence the geometric layout of the sandwich core has on the 
bending behaviour. 

Additionally, finite element analysis may be utilized to perform bending analysis 
on sandwich honeycomb structures. ANSYS software is used to create models and 
meshed. Because the face sheets were meshed with a regular rectangular form, the 
SHELL 91 element type was employed [20]. Another study found that quadrilateral mesh 
elements were preferred over the triangular mesh elements because the aspect ratio of 
a quadrilateral can be controlled close to one [21]. Three-point bending tests were used 
to validate the finite element model using typical honeycomb sandwich panels. The two 
techniques revealed that the deformation behaviours were quite comparable and 
displayed the same patters of local indentation [19, 22]. Thus, when simulating the 
honeycomb core design of a sandwich beam, the finite element model can be regarded 
an appropriate technique.  
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CHAPTER 3 
RELATED THEORY 

 

Bending stiffness is a property that indicates how well it resists deformation in 
response to an applied force. The stiffness, 𝑘, is defined as shown below. 

  

𝑘 =
𝑃

𝛿
 (1) 

  
The parameter 𝑃 signify the applied force and 𝛿 denoted the member’s deformation in 
the direction of the applied force. 
 For sandwich beam in three-point bending, the elastic analysis is outlined here. 
Suppose a sandwich beam of span 𝐿 and width 𝑊 loaded in three points bending with 
a central load 𝑃 as depicted in Figure 2(a) and 2(b). Because of the interplay between 
material qualities and geometric dimensions, the bending properties of sandwich 
structures are highly dependent on their construction. 𝐷, the equivalent bending 
stiffness of a sandwich beam, was explored in order to better understanding its bending 
properties. It is assumed that the skins stay securely attached to the core, the beams 
cylindrically with no curvature in the yz plane, and that cross sections remain parallel to 
the beam’s longitudinal axis [23, 24]. As a result, 𝐷 is simplify obtained as shown in 
Equation (2). 

  

𝐷 = 𝐷1 +𝐷2 =
𝐸𝑓𝑊𝑓3

6
+
𝐸𝑓𝑊𝑓𝑑2

2
+
𝐸𝑐𝑊ℎ3

12
 (2) 

  
 

The bending stiffness is comprised of two components, as shown in Equation 
(2). The first is the face sheets contribution. Sandwich core is responsible for the second 
contribution. 𝐸𝑓 and 𝐸𝑐 signify the face sheet’s and sandwich core’s elastic modulus, 
respectively. 
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Bending strength is critical for evaluating the bending behaviour of sandwich beams, 
since this directly influences the products service life. Calculation of bending strength, 
𝜎𝑠, may be conducted using the simplified beam model [25]. Bending strength was 
determined as follows. 

  

𝜎𝑠 =
3𝑃𝑚𝐿𝑠
2𝑊𝐻2

 (3) 

  
The parameter 𝑃𝑚 denoted the maximum load in three points bending and 𝐿𝑠 denotes 
the span distance. 

(a)                                                                   (b) 
Figure  2 (a) Three-point bending and (b) Cross section A-A 
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CHAPTER 4 
METHODOLOGY 

 

This chapter describes the materials used in the building of sandwich 
honeycomb constructions. Also discussed in this chapter is the fundamental design of 
honeycomb core cell. In terms of content, the samples preparation was divided into 
three major categories: the production of tensile test specimens, the preparation of 
three-point bending test specimens, and the inspection of the specimens. In addition, 
the process for performing tensile and three-point bending tests using a universal 
testing machine is provided. This chapter ends with a discussion of sandwich 
honeycomb structure modelling and meshing. 
 

4.1 Materials 
The unidirectional carbon fibre reinforced polymer plate is provided by XC 

Carbon Fibre Co.,ltd. (Guangdong, China), and the thickness of the plate is one 
millimetre as shown in Figure 3. The unidirectional carbon fibre reinforced polymer plate 
is processed by hot press one layer by one layer which consist of 0.2 millimetres for 
each ply of carbon fibre cloth T300 with the total of 5 plies. This type of carbon fibre 
reinforced polymer plate is employed as a portion of the sandwich structure’s face 
sheet. The honeycomb core structure is made up of Acrylonitrile Butadiene Styrene 
(ABS). Additive manufacturing is used by Harn Engineering Solutions Public Company 
Limited, located in Bangkok, Thailand, in order to print acrylonitrile butadiene styrene in 
the shape of various honeycomb structures. These structures will be examined in further 
detail in section 4.2. Using the method of melting extrusion modelling, the printing 
machine has the capacity to print a maximum volume of up to 20 centimetres on each of 
its three dimensions. Epoxy resin is used in the construction of the glue that is known as 
RS PRO Adhesive. This two-part rapid-setting epoxy comes in two individual tubes and 
may be applied to a wide range of surfaces. This particular form of epoxy glue has a 
setting time of three hours at room temperature and a gel time of four to six minutes, 
allowing the material to be adjusted into the desired position with perfect accuracy. 
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Figure  3 Unidirectional carbon fibre reinforced polymer plate. 
 

4.2 Honeycomb Core Cell Design 
The geometric aspects of the planned sandwich design philosophy of hexagonal 

honeycomb, re-entrant honeycomb, and circular honeycomb are addressed in this 
section. The schematic of three lattice microstructures is shown in Figure 4(a), 4(b) and 
4(c), respectively. A honeycomb's relative density (𝜌∗ 𝜌𝑠⁄ ), where 𝜌∗ is the density of 
honeycomb and 𝜌𝑠 is the density of honeycomb when it is full solid. Each configuration’s 
relative density can be determined as follows: 
For hexagonal honeycomb 
 

𝜌∗

𝜌𝑠
=

(𝑡 𝐿⁄ )[(𝐻 𝐿) + 2⁄ ]

2𝑐𝑜𝑠𝜃[(𝐻 𝐿) + 𝑠𝑖𝑛𝜃⁄ ]
 (4) 

 

For re-entrant honeycomb 
 

𝜌∗

𝜌𝑠
=

(𝑡 𝐿⁄ )[(𝐻 𝐿) + 2⁄ ]

2𝑐𝑜𝑠𝜃[(𝐻 𝐿) + 𝑠𝑖𝑛𝜃⁄ ]
 (5) 

 

For circular honeycomb 
 

𝜌∗

𝜌𝑠
=
(𝑇 𝑅⁄ )[1 − (𝑇 2𝑅)⁄ ]𝜋

√3
 (6) 
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         (a)                                        (b)              (c) 
Figure  4 The schematic of three lattice structures (a) hexagonal honeycomb, (b) re-

entrant honeycomb, and (c) circular honeycomb. 
 

In this study, relative densities of 0.3 and 0.5 are taken into account. The relative 
density can be varied by altering the thickness of the cell wall of each honeycomb 
structure, while three types of cellular structures are configured to have the same unit 
cell dimension of 16 mm x 16 mm. As a consequence, the thickness of cell walls in each 
arrangement may be determined using Equation (4), (5) and (6). Table 1 details the 
parameters for each lattice structures. 
 

Table  1 Design parameter of hexagonal, re-entrant and circular honeycomb (unit mm). 

𝜌∗

𝜌𝑠
 

Hexagonal Honeycombs Re-entrant Honeycombs 
Circular 

Honeycombs 
𝐿 𝐻 𝑡 𝜃 𝐿 𝐻 𝑡 𝜃 𝑇 𝑅 

0.3 9.24 3.38 1.76 30° 9.24 12.62 1.23 30° 1.45 8 
0.5 9.24 3.38 2.92 30° 9.24 12.62 2.06 30° 2.64 8 
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After designing the honeycomb core, the honeycomb was manufactured using 
additive manufacturing. Using fused deposition modelling 3D printing, a build platform 
is moved by an extrusion nozzle as it travels horizontally and vertically. To build a three-
dimensional item, thermoplastic material is heated to a high temperature and then 
extruded. The filaments are extruded layer by layer with a diameter of 0.4 mm. The 
honeycomb sized 75 mm in width, 200 mm in length, and 10 mm in thickness. Figure 5 
to Figure 10 demonstrate the honeycomb cores that were printed with different core 
topologies, including hexagonal, re-entry, and circular honeycomb. 

Figure  5 Printed hexagonal honeycomb core at relative density of 0.3 
 

Figure  6 Printed hexagonal honeycomb core at relative density of 0.5 
 

Figure  7 Printed re-entrant honeycomb core at relative density of 0.3 
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Figure  8 Printed re-entrant honeycomb core at relative density of 0.5 

Figure  9 Printed circular honeycomb core at relative density of 0.3 
 

Figure  10 Printed circular honeycomb core at relative density of 0.5 
 

4.3 Specimens Preparation 
In sections 4.3.1 and 4.3.2, the preparation of the tensile test specimens and 

three-point bending test specimens is described in detail. In addition, samples were 
inspected after the production of the specimen, which will be explained in depth in 
section 4.3.3. 
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4.3.1 Preparation of Tensile Test Specimens 
The mechanical characteristics of the cured unidirectional carbon fibre reinforced 

polymer plates were acquired by tensile testing in order to perform strength analysis of 
the carbon fibre reinforced polymer product. Tensile specimens with dimensions of 250 
mm x 25 mm were made in the 0°, 45°, and 90° direction in accordance with ASTM 
D3039 [26]. The biaxial extensometer is used to measure the Poisson’s ratio. Figure 11 
and Figure 12 depict the dimension schematic for carbon fibre reinforced polymer 
tensile test specimens. Moreover, aluminium tabs were added to wither side of the 
specimens to avoid breakage due to applied pressure of the hydraulic grips. Table 2 
shows the parameters of tensile test specimen of unidirectional carbon fibre reinforced 
polymers. U is short for the unidirectional carbon fibre reinforced polymer. The number 
follow U is stand for the fibre direction. As the original size of the unidirectional carbon 
fibre reinforced polymer plate was 500 mm by 500 mm, a waterjet was used to cut the 
plate to the dimensions listed in Table 2. Waterjet cutting had the benefit of preventing 
dust containment. A waterjet blows all carbon dust into the water tank, where it is easier 
to manage and dispose of. Figure 13 depicts the unidirectional carbon fibre-reinforced 
polymer tensile test specimen that was affixed with an aluminium tab and prepared for 
tensile testing. 

Figure  11 Tensile test specimen according to ASTM D3039 (unit in mm.). 

Figure  12 Tensile test specimen according to ASTM D3039 (unit in mm). 
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Table  2 Parameters of tensile test specimen of carbon fibre reinforced polymers. 
Type Panel Size W x L (mm) Fibre Direction Number 
U0 25 x 250 0° 3 
U45 25 x 250 45° 3 
U90 25 x 250 90° 3 

Figure  13 Carbon fibre reinforced polymer tensile test specimen. 
 

The material characteristics of Acrylonitrile Butadiene Styrene (ABS) are 
determined by uniaxial tensile testing in accordance with the ASTM D638 [27] standard. 
A waterjet machine is used to cut ABS sheet with a thickness of 2 mm into a dog-bone 
shape. Flat specimens are often machined into a dog-bone form to ensure that the 
break happens in the centre of the specimen rather than at clamping region. The 
geometry of the dog-bone type IV tensile test is depicted in Figure 14. The parameters 
of tensile test specimen of Acrylonitrile Butadiene Styrene are shown in Table 3. 

Figure  14 Tensile test specimen according to ASTM D638. 
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Table  3 Parameters of tensile test specimen of Acrylonitrile Butadiene Styrene. 
Type Dimension (mm) Number 

ABS 

W 6 

3 

L 33 
WO 19 
LO 115 
G 25 
D 65 
R 14 

RO 25 
T 2 

 

4.3.2 Preparation of Three-point Bending Test Specimens 
The bending test specimens are manufactured according to ASTM C393 [28] 

standard. The sandwich beams are designed to have overall dimensions of 200 mm x 
75 mm x 12 mm. The schematic of the sandwich beam is shown in Figure 15. Table 4 
shown the parameters of the three points bending test specimen. H is short for 
hexagonal honeycomb, R is short for re-entrant honeycomb, and C is short for circular 
honeycomb. The number followed H, R, and C mean the relative core density of the core 
where number 1 stand for the relative core density at 0.3 and 2 stand for the relative 
core density at 0.5. U stand for unidirectional carbon fibre reinforced polymer plate. For 
instance, H2U means the sandwich beam with hexagonal honeycomb core with relative 
core density at 0.5 and unidirectional carbon fibre reinforced polymer face sheets. The 
unidirectional carbon fibre reinforced polymer plate was cut using the waterjet. Now 
after all the face sheets and core material have been completed, epoxy resin is used to 
join two face sheets to one core structure at room temperature by applying the pressure. 
All specimens are maintained attached for one day to ensure that they are adhesively 
linked, then dried for three days to enables cohesion between the face sheets and the 
core. The sandwich composite beam was cleaned to eliminate the influence of leftover 
epoxy on the three point bending test, including the surfaces and the sides of the 
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sandwich composite beam. Figure 16 depicts the sandwich composite beam specimen 
that ready for the three-point bending test. 

 

Figure  15 The schematic of the sandwich beam. 
 

Table  4 Parameters of the three-points bending test specimens (unit in mm.) 

Length, L Width, W 
Face Sheet 
Thickness, f 

Core Thickness, h 
Total Thickness (without 

bonded layer), H 
200 75 1 10 12 

 
 

Figure  16 The sandwich composite beam with hexagonal core at relative density of 
0.5 

 

4.3.3 Specimens Inspection 
Prior to printing, the mass of the honeycomb core was calculated using the 

programme. The relative core density of 0.3, based on the design of the core, should 
weigh 76 grammes. Despite having a relative density of 0.5, the core should have 
weighed 112 grammes. After the honeycomb cores were printed, they were weighed by 
using the digital scale to ascertain their actual mass. Table 5 contains the values of the 
specimens. It is evident that the masses of all cores were almost identical to the design. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 19 

All cores that are 3D printed must be flat and parallel. This is established by putting the 
core on the levelled table, ensuring there is no space between the table and the core 
and measuring the thickness. The U-CFRP plate was weighed by using the digital scale 
to ascertain their actual mass which is 3 grammes. After applying epoxy to adhere the 
core to the face sheet, the weight of the sandwich beam was measured for checking 
excessive amount of epoxy inside the core. In addition, the sandwich beams' thickness 
was measured at six positions by using digital vernier calliper and the average thickness 
was determined as shown in Table 5. According to the patterns shown in Table 4, the 
thickness of the specimen without bonded layer was 12 mm. However, the non-uniform 
thickness of the epoxy layer will affect the standard deviation of the specimen. 
 

Table  5 Three points bending test specimen inspection including the mass, parallel 
and thickness. 

Sample 
Core Mass 

(g) 
Core Parallel 

and Flat 

Sandwich 
Beam 

Thickness 
(mm) 

Beam 
Thickness 
(Standard 
Deviation) 

Sandwich 
Beam Mass 

(g) 

H1U 75.80 Yes 12.68 0.04 97.51 
H2U 112.13 Yes 12.78 0.07 123.52 
R1U 76.10 Yes 12.39 0.06 97.22 
R2U 111.93 Yes 12.56 0.03 125.64 
C1U 75.73 Yes 12.81 0.03 103.87 
C2U 111.43 Yes 12.63 0.11 132.36 

 

4.4 Tensile Test 
The loading programme for the tensile test on carbon fibre reinforced polymers 

and acrylonitrile butadiene styrene is carried out in accordance with the American 
Society for Testing and Materials' standard test protocol so that the material properties 
can be precisely identified, and the data can be used in finite element analysis. Tensile 
testing in accordance with ASTM D3039 is used to ascertain the amount of force 
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required to fracture a polymer composite specimen as well as the degree to which the 
specimen stretches or lengthens up until it breaks. The ASTM D3039 standard 
specimens are subjected to a specified test speed of 2 mm/min. To compute tensile 
modulus and extension, an extensometer or strain gauge is needed. The tensile test 
may determine the elastic modulus in fibre direction (E11) using sample U0, elastic 
modulus in transverse direction (E22) using sample U90, shear modulus in 1-2 plane 
(G12) using sample U45, and Poisson's ratio (V12) using sample U0. Tensile testing with 
acrylonitrile butadiene styrene was also performed in line with the ASTM D638 standard. 
It is accomplished by applying a tensile force to a dog-bone specimen and observing 
the specimen's various properties under stress. The specimen is tensile tested at a rate 
of 2 mm/min until it fails. Young’s modulus, Poisson’s ratio, tensile yield strength, and 
tensile ultimate strength are all calculated. The tensile properties of materials are shown 
in Table 6 and Table 7. 
 

Table  6 The tensile properties of acrylonitrile butadiene styrene. 

Materials 
Young’s Modulus 

(MPa) 
Poisson’s Ratio 

Tensile Yield 
Strength (MPa) 

Tensile Ultimate 
Strength (Pa) 

ABS 2390±36.05 0.399±0.07 44.1±1.96 44.3±1.72 
 
Table  7 The tensile properties of unidirectional carbon fibre reinforced polymer. 

Property Value Unit 
Elastic modulus in fibre direction 56.3±4.05 GPa 

Elastic modulus in transverse direction 8.81±2.24 GPa 
Shear modulus in 1-2 plane 7.15±1.15 GPa 

Poisson’s ratio 0.20±0.05  
 

4.5 Three Points Bending Test 
The bending test uses the electronic universal testing machine. The type is 

Autograph AG-IS 100 KN with a maximum loading force of 100 KN. The loading 
program corresponds to American Society for Testing and Materials which are ASTM 
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C393 standard test technique for flexural characteristics of sandwich structures. The test 
principle is to evaluate the force-deflection of the sandwich construction using the beam 
three-point bending test. A 150 mm support span with the centre loading is used in the 
three-point flexure test. The diameter of the indenter and the support were 25 mm. The 
bending specimen is placed in the middle of the upper indenter and the below 
supports, which are both steel cylinders. Figure 17 depicts a three-point bending 
device, and Table 8 depicts the loading device’s specification. In addition, to ensure 
that the specimen is in the correct position, the partition is constructed to secure the 
specimen in equal dimensions, as seen in Figure 18 and Figure 19. After the specimen 
has been secured, the universal testing machine’s zero point is adjusted, and the load is 
delivered vertically to the centre of the specimen. During this process, the gap between 
the test indenter and the specimen has also been assessed to confirm that the indenter 
is attached along with the specimen and there is no space between the specimen and 
the indenter as shown in Figure 20. The test indenter’s loading rate is 6 mm/min, and the 
sampling rate was every 0.25 seconds. The test is conducted until the maximum load 
has dropped and the load has stabilised. After the test was done, the bending stiffness 
and strength can be determined by using Equation (1) and (3). 

Figure  17 Three-point bending device. 
 

Table  8 Parameters of the bending test loading device (unit in mm.) 
Span, Ls Diameter of indenter and support, B Length, L Height, H 

150 25 200 12 
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Figure  18 The partition device on three-point bending test. 

Figure  19 The specimen is fixed at the specify span length. 
 

Figure  20 The indenter is attached along the specimen. 
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4.6 Modelling and Meshing of Sandwich Honeycomb Structure 
Finite element analysis was used to analyse the honeycomb sandwich 

construction. It is mechanical engineering simulation software that may be used to 
analyse any engineering problem that requires a computational solution. A finite element 
analysis tool is used to discover solutions for structural components in linear and 
nonlinear investigations, as well as hydrodynamic and explicit research. A finite element 
issue is expressed as a partial differential equation, the solution to which is achieved by 
adding boundary conditions. Prior to finite element analysis, the core, face sheets, and 
rollers were created by using the Solidworks, and meshing of the model were done in 
ANSYS software. 

Solidworks is used to produce the core, face sheets, and rollers, which are 
comprised of six components: a core, two face sheets, and three rollers, as shown in 
Figure 21. These six components are being assembled. 

Figure  21 The assembling of sandwich honeycomb with carbon fibre plate and rollers. 
 

The layer of epoxy is neglected in this finite element analysis because of the 
layer of epoxy is too thin compared to other elements. In addition, in order to evaluate 
the bending behaviour of honeycomb sandwich constructions using finite element 
analysis, the engineering data is used to identify the material characteristics of 
acrylonitrile butadiene styrene and unidirectional carbon fibre reinforced polymer. This is 
completed so that the honeycomb sandwich constructions can be evaluated for their 
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ability to bend. The tensile tests of each material that were carried out in accordance 
with ASTM D3039 and ASTM D638 provided the foundation for the engineering data that 
is used for the analysis. The material characteristics of acrylonitrile butadiene and 
unidirectional carbon fibre reinforced polymer are detailed in Tables 6 and 7, 
respectively. In order to facilitate the process of simply separating the mesh zone, the 
top face sheet was split into three bodies, and the bottom face sheet was split into five 
bodies as shown in Figure 22 and Figure 23, respectively. Additionally, the frictional 
connections were determined to be the contacts that were made between the rollers 
and the face sheets. Bonded was chosen as the kind of connection to use between the 
face sheets and the core. This ensures that there will be no gaps or slippage between 
the face sheet and the core. After the connections were allocated, the mesh 
convergence research was conducted as shown in Appendix A. In finite element 
modelling, a finer mesh often yields a more precise solution. However, when a mesh is 
becoming more refined, calculation time rises as the number of elements and number of 
nodes increases. For this, a denser element distribution is used to reconstruct the mesh, 
re-analyse it, and then compare the findings. The final mesh size was chosen when the 
findings had stabilised. Various mesh sizes were employed for different parts of this 
investigation. The face sheet had a body sizing of 7 mm, while the core and roller used a 
body sizing of 4 mm. There were four divisions for the face sheet edges and five for the 
core as shown in Figure 24 and Figure 25. In addition, the BIAS option was used to 
divide the sandwich honeycomb structure at the centre of the sandwich beam into 
twenty divisions so that the results would be more accurate as depicted in Figure 26. 
This was done because the location where the maximum deflection will occur is at the 
centre of the sandwich honeycomb structure. The load is applied in a vertical direction 
at the indenter, and the fixed support boundary condition is applied to both sides of the 
support's boundary condition. From the finite element analysis, it is possible to ascertain 
the deflection of the sandwich structure as well as the Von-Mises stress after the 
boundary conditions and the load have been applied. 
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Figure  22 The top face sheet was split into three bodies. 
 

Figure  23 The bottom face sheet was split into five bodies. 
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Figure  24 The meshing of the sandwich honeycomb structure. 
 

 

 

 

 

 

 

 

Figure  25 The meshing of the honeycomb core. 
 

 

  

 

 

 

 

 

Figure  26 The meshing at the centre of the sandwich honeycomb. 
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CHAPTER 5 
RESULTS AND DISCUSSION 

 

The results of a three-point bending test were discussed in this chapter. The test 
was conducted on a sandwich composite honeycomb structure with a variety of core 
topologies and relative densities. The results included the maximum load and bending 
stiffness. Both the experiment and the finite element analysis were used to make a 
comparison about the stiffness. Additionally, this part discusses the effects of relative 
core density on bending strength and stiffness, and the effects of core topology on 
bending strength and stiffness. 

Figure 27 through Figure 31 each exhibit an experimental curve for the three-
point bending load-deflection relationship for a distinct architected sandwich structure, 
along with the face sheet and cores that corresponds to that structure.  Figure 27 
depicts the load-deflection curves of a sandwich beam arrangement with a re-entrant 
honeycomb core at relative core densities of 0.3 and 0.5. The load-deflection curves can 
be mainly divided into three main stages. The first stage is the linear elastic stage, the 
force increases linearly until reaches its peak, when yielding occurs. The second stage, 
after the yield point there is an abrupt decrease in load owing to local collapse. The final 
stage is where the load has steadied owing to the face sheet structure’s load carrying 
and the honeycomb just acted as a linking layer. The load-deflection curves of a 
sandwich beam arrangement with a hexagonal honeycomb and circular honeycomb 
core at relative densities of 0.3 and 0.5 with unidirectional carbon fibre reinforced 
polymer face sheets are shown in Figure 28 and Figure 29, respectively, these sandwich 
beams with alternative core topologies display the same response. Loads have been 
seen to increase significantly with increasing relative density. The subsequent phases 
demonstrate the same regularity, with a considerable increase in load-bearing capacity 
as relative density rises, meaning that a core with a high relative density has a greater 
ability to resist bending forces. In addition, Figure 30 and Figure 31 illustrate the load-
deflection curves of a sandwich beam with a hexagonal, re-entrant, and circular 
honeycomb core with a core density of 0.3 and 0.5, respectively. Figure 32 depicts the 
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bending behaviour of sandwich beam from three-point bending test. The deflection of 
the sandwich beam was measured from the displacement sensor at the indenter.  The 
experimental results show that the re-entrant core at relative density of 0.5 has the 
maximum peak force among all other cores. Noticeably, hexagonal core design at 
relative density of 0.3 has the minimum peak force among all other cores. In addition, at 
the last stage of the force against deflection curve, the load did not decrease to zero 
owing to the face sheet structure's load carrying. 

Figure  27 Load-deflection curves of sandwich beam with re-entrant honeycomb core 
at relative density of 0.3 and 0.5. 

Figure  28 Load-deflection curves of sandwich beam with hexagonal honeycomb core 
at relative density of 0.3 and 0.5. 
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Figure  29 Load-deflection curves of sandwich beam with circular honeycomb core at 
relative density of 0.3 and 0.5. 

Figure  30 Load-deflection curves of sandwich beam with hexagonal, re-entrant, and 
circular honeycomb core at relative density of 0.3. 

Figure  31 Load-deflection curves of sandwich beam with hexagonal, re-entrant, and 
circular honeycomb core at relative density of 0.5. 
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Figure  32 The deflection of the sandwich beam during the stage 2. 
 

Sandwich constructions may fail in a variety of ways when subjected to three-
point bending. The failure of the sandwich honeycomb might result from the failure of the 
core or the skin. When the stress in either of the skins surpasses the in-plane strength of 
the face sheet material, the top skin yields and fails owing to face yielding. Moreover, 
honeycomb sandwich architectures might break owing to core failure when loaded in 
bending. Under bending loads, core failure is one of the most prevalent types of failure 
in sandwich structures as the material properties of the core was lower than the material 
properties of the face sheets [29]. There are three primary failure mechanisms of 
sandwich honeycomb core. Face sheet tension or compression due to bending. Core 
shear failure and core compressive failure are examples of potential failures. Core 
compressive failure will dominate right below the load application line. While the shear 
failure of the core will dominate only next to the load application line [30]. As observing 
from the experiment, the failure occurs at the centre of the core where the maximum 
stress was occurred at the top surface of the core. To observe the failure, the top face 
sheet was removed from the core, since there is a small delamination between the top 
face sheet and the core. During the three-point bending test, the hexagonal honeycomb 
core failed, as shown in Figure 33. Figure 34 shows the core failure of the re-entrant 
honeycomb core, and Figure 35 shows the core failure of the honeycomb core in a 
circular shape. Core fractures happen in the hexagonal, re-entrant, and circular 
honeycomb sandwich composite constructions. These core fractures are also obvious 
from the decreases in the load-deflection curves, which shows that these sandwich 
structures would collapse locally. There is a good agreement between the experiment 
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and finite element analysis that the core will fracture at the top surface of the core and at 
the mid span of the honeycomb core as shown in Figures 36, 37 and 38. It is clear that 
all the honeycomb cores in this study had a core compressive failure, as the failure was 
occurred at the midspan and was just below the load application line, and it was caused 
by the yield stress of the core's material. Furthermore, the failure of the circular 
honeycomb seems to have happened between the unit cell connections and was 
parallel to the printed filament as shown in the arrowhead in Figure 38. In addition, the 
breakdown of the hexagonal honeycomb core occurred when the yield stress of the 
core's material was equivalent to the yield stress of the parallel-printed filament material.  

 
Figure  33(left) Enlarged picture of core failure morphology of hexagonal core. 
Figure  34(right) Enlarged picture of core failure morphology of re-entrant core. 

 
Figure  35 Enlarged picture of core failure morphology of circular core. 

Load application Load application 
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Figure  36 The maximum Von-Mises stress at the hexagonal honeycomb core.  

Figure  37 The maximum Von-Mises stress at the re-entrant honeycomb core. 
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Figure  38 The maximum Von-Mises stress at the circular honeycomb core. 
 

The bending behaviour of these sandwich beams was analysed by using 
Equation (1) to determine the bending stiffness and Equation (3) to determine the 
bending strength to get a better knowledge of the mechanical advantages of sandwich 
composite honeycomb cores with diverse core topologies in resisting bending. The 
bending strength and stiffness of each type of specimen can be determined as shown in 
Table 9. 
  

Table  9 Peak load, bending strength, and bending stiffness obtained for each 
scenario of sandwich beam with honeycomb core. 

Core Topology Core Relative Density 
Configuration 

𝑃𝑚(N) 𝜎𝑠(MPa) 𝑘(N/mm) 

Hexagonal 
0.3 2281±32.01 47.5 1464±21.42 
0.5 3142±25.41 65.4 1497±18.57 

Re-entrant 
0.3 2800±29.15 58.3 1524±23.46 
0.5 3840±19.58 80 2022±24.71 

Circular 
0.3 2912±38.74 60.6 1572±42.15 

0.5* 3571±41.10 74.4 1484±39.78 
Note: *invalid (further details will be discussed in the following section) 

maximum 
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In order to determine the sandwich construction's bending stiffness using finite 
element analysis, a variety of bending loads were applied to the structure and analysed 
from the slope of the force vs deflection graph. Table 10 displays the bending stiffness 
calculated from the finite element analysis as well as the results of the experiment. When 
the findings of a finite element analysis are compared to the data that was collected 
through experiments, it will become clear that the numerical results and the 
experimental results are in the same trend regarding the fact that the bending stiffness 
increased as the relative core density increased. In addition, the maximum load was 
determined from the results of the finite element analysis by applying the maximum Von-
Mises criterion to the honeycomb core by comparing with the tensile yield strength of 
the acrylonitrile butadiene styrene material that obtained from the tensile test, more 
details are shown in Appendix B. Von-Mises is mostly used to ductile materials. The 
material will yield if the Von-Mises stress of the material under load is equal to or higher 
than the yield strength of the same material. According to the findings, there is a 
discrepancy in the calculated value of the maximum load between the experimental 
data and the results of the finite element analysis as shown in Figure 40. Moreover, it is 
noticeable that the re-entrant honeycomb structure at a relative density of 0.5 can resist 
a higher bending load, whereas the hexagonal honeycomb core at a relative density of 
0.3 can resist the lowest bending load, which was in agreement with the experiment. 
This finding was made possible by the honeycomb's hexagonal shape. However, the 
maximum load of both re-entrant and circular honeycomb differs significantly between 
experiment and finite element analysis. The impact of the experimental error on the finite 
element analysis will be examined in later section. 
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Table  10 The bending stiffness between the experiment and finite element analysis 
and maximum load from finite element analysis. 

Core 
Topology 

Core 
Relative 
Density 

𝑘(N/mm) 𝑃𝑚(N) 

Experiment FEA % diff. Experiment FEA % diff. 

Hexagonal 
0.3 1464 1767 17% 2281 3589 32% 
0.5 1497 2089 28% 3142 3600 10% 

Re-entrant 
0.3 1524 1933 21% 2800 7237 61% 
0.5 2022 2281 11% 3840 9500 60% 

Circular 
0.3 1572 1875 16% 2912 6200 53% 
0.5 1484 2187 32% 3571 8850 60% 

Figure  39. The bending stiffness between the experiment and finite element analysis. 

Figure  40 The maximum load between the experiment and finite element analysis. 
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The core structure and relative density of the core were compared in the cases 
of re-entrant honeycomb, hexagonal honeycomb, and circular honeycomb. Each 
scenario takes the core density at 0.3 and 0.5 into account. Taking into account the 
impact of core density on bending strength, as the relative core density increased so 
did the bending strength increased, as seen in Table 9. By increasing the relative core 
density from 0.3 to 0.5, the bending strength of both hexagonal and re-entrant 
honeycomb was raised by about 37%. Moreover, the bending strength of circular 
honeycomb was raised by about 22%. The greater relative core density indicates that 
the structure of the cell wall is more densely packed, resulting in an increase in the unit 
cell's surface area. As the surface area increases, the stress distribution along the 
sandwich core structure will changed. Additionally, the maximum stress will be reduced 
when the relative core density increased. The finite element analysis clearly shown that 
the stresses in the honeycomb core at lower relative core density are greater than those 
at higher relative core density. For example, the stress of the re-entry honeycomb core 
at a relative density of 0.3 was 3.21 MPa, whereas the stress at a relative density of 0.5 
was 3.10 MPa. This behaviour gives the structure a greater ability to withstand greater 
loads. Therefore, in order to design the strength of the sandwich panel, a higher relative 
core density can resist a larger bending strength. 
 In addition, take into account the influence of core topology on bending strength. 
For all three fundamental honeycomb topologies, including hexagonal, re-entrant, and 
circular. The hexagonal honeycomb has the lowest bending strength of all relative core 
densities, as is evident. While the re-entrant has the highest bending strength value 
followed by the circular honeycomb. This is because the re-entrant structure has a 
negative Poisson's ratio. As a result of negative Poisson's ratio, structures shifted closer 
together. The level of stress at the same applied bending load was lower than other 
structures which allowing them to withstand more bending resistance. This 
characteristic enables the re-entrant structure to withstand greater bending loads. 
During bending deformation, the hexagonal and circular structures behave differently 
than the re-entrant structure, suggesting a positive Poisson's ratio. However, the 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 37 

bending strength of the circular honeycomb structure was found to be more than that of 
the hexagonal honeycomb structure. This indicates that in order to design the core 
topology, the negative Poisson's ratio structure is better than the positive Poisson’s ratio 
structure. 

Consider also the impact of core density on bending stiffness. The bending 
stiffness from the experiment of re-entrant was enhanced by 32%, while the bending 
stiffness of hexagonal was increased by 2.2%. This implies that the structure with larger 
relative core density can resist more bending stiffness. In contrast, the bending stiffness 
of the circular at a relative density of 0.5 was reduced by 5% compared to its bending 
stiffness at a relative density of 0.3. According to Equation (2), the bending stiffness of a 
material with a higher relative density should be greater than that of a material with a 
lower relative density because the relative core density increases, the elastic core 
modulus also increases. However, this peculiar behaviour of bending stiffness for 
circular honeycomb at relative density of 0.5 might be the error of the specimen's 
manufacturing procedure. The circular sandwich beam with a relative density of 0.5 was 
not properly bonded between the face sheet and the core, as shown by the thickness 
standard deviation value in Table 5. The thickness of the sandwich beam was not equal 
for all the positions of the sandwich beam. This indicates that the bending stiffness of 
circular sandwich honeycomb with a relative density of 0.5 was invalid. Additionally, an 
excessive amount of epoxy was used to produce the circular sandwich honeycomb, 
which was heavier than other samples. This higher amount of epoxy allows the structure 
to withstand the increased bending load, resulting in an increase in bending stiffness. 
However, the excessive mass of epoxy is small when compared with core’s mass, this 
effect can be neglected. Therefore, in order to design the stiffness of the sandwich 
panel, a higher relative core density can resist a larger bending stiffness. 

In order to evaluate the influence of core topologies on bending stiffness, the 
moment of inertia of the re-entrant and circular structures was larger than that of the 
hexagonal structure. Moments of inertia for re-entrant, circular, and hexagonal structures 
were 22111, 24203, and 21896, respectively. In addition, the influence of a negative 
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Poisson's ratio on a re-entrant structure may contribute to the structure's superior 
bending stiffness. However, the bending stiffness of the circular topology was somewhat 
greater than that of the re-entrant topology as a result of the extra quantity of epoxy used 
to maintain the structure against bending loads. As a consequence, finite element 
analysis reveals that the bending stiffness of the re-entrant honeycomb topology tends 
to be greater than that of other topologies. Then came the circular and hexagonal 
topologies, respectively. 

In this work, it was observed that the experimental and finite element analyses 
have certain errors. The inaccuracy may have resulted from the procedure of creating 
the specimen via fused deposition modelling or during apply the load via three-point 
bending test. During the three-point bending test, however, the load indenter was 
verified to be connected and aligned with the specimen, therefore this may be 
disregarded as an error. Consequently, the mistake may have been caused by the 
printing of the core. As shown in Table 1, the thickness of the cell wall was rather thin, 
particularly in comparison to the thickness of the cell wall of circular honeycomb 
structures. Layer by layer, filaments having a diameter of 0.4 mm are extruded. For a 1 
mm thick specimen, the nozzle will run about 2 times. The resolution of FDM printers is 
determined by the nozzle size and the accuracy of the extrude motions. Other variables 
also impact the accuracy and smoothness of the printed models, such as the fact that 
the bonding between layers is less than in SLA printing. As demonstrated in the larger 
image of the printed honeycomb core, there may be some space and porosity between 
the layer of extruded filaments in the specimen whose thickness was very thin. This is 
one of the limitations of fused deposition modelling-based 3D printing, which was 
distinct from resin-based 3D printing. Stereolithography Apparatus (SLA) printers 
regularly generate things with a better resolution and more accuracy than fused 
deposition modelling printers, however SLA printers are more costly. Figures 41(a) and 
41(b) exhibit an enlarged image of a circular honeycomb core that has been produced 
by 3D printing. Figures 42(a) and 42(b) exhibit a magnified image of a printed re-entrant 
honeycomb core. Both printed circular and re-entrant honeycomb at relative densities of 
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0.3 and 0.5 shown a gap between the printed layers. Figures 43(a) and 43(b) exhibit a 
magnified image of the printed hexagonal honeycomb core. The printed hexagonal 
honeycomb at relative densities of 0.3 and 0.5 shown the completely printed layer.  

         (a)                                                             (b) 
Figure  41 (a,b) Enlarged picture of printed circular honeycomb core at relative density 

of 0.3 and 0.5, respectively. 

(a)                                                             (b) 
Figure  42 (a,b) Enlarged picture of printed re-entrant honeycomb core at relative 

density of 0.3 and 0.5, respectively. 

gap 

gap 

gap 

gap 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 40 

Figure  43 (a,b) Enlarged picture of printed hexagonal honeycomb core at relative 
density of 0.3 and 0.5, respectively. 

 

The printed circular honeycomb core for both relative core densities and the re-
entrant honeycomb core for both relative densities contain a gap between each layer's 
bonding. This may have an effect on the core's strength, since there is a significant 
difference between the maximum load determined by experiment and the finite element 
calculations of both the circular and re-entrant honeycomb cores. The stress 
concentration will be larger than in a completely printed layer because of the gap or 
porosity. Due to the smoothness of the printed layer, the experimental and finite element 
analyses of the hexagonal honeycomb core produced slightly different maximum loads. 
In addition, the bonding layer was disregarded during the finite element analysis, which 
may have had an impact on the outcome. However, the results of the experiment and 
the finite element analysis were in excellent agreement. The bending rigidity will 
increase as the relative core density rises, and re-entrant structures are the most 
effective at resisting bending loads. 
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CHAPTER 6 
CONCLUSIONS 

 

In this chapter, the key findings of this study are summarised, and 
recommendations for relevant future research are offered. Consequently, these subjects 
are separated into two distinct sections of this chapter. 
 

6.1 Research Conclusions 
We have produced a unique class of sandwich composite structures using 3D-

printed core materials consisting of Acrylonitrile Butadiene Styrene and carbon fibre 
reinforced polymer face sheets. At core densities of 0.3 and 0.5, hexagonal honeycomb, 
re-entrant honeycomb, and circular honeycomb are proposed as core topologies. On 
these sandwich composite constructions, bending strength and bending stiffness are 
evaluated via three-point bending tests and finite element analysis. The sandwich 
composite beam with the greater relative core density displays greater bending strength 
and stiffness than the sandwich composite beam with the lesser relative core density. 
The re-entrant and circular honeycomb core designs have superior bending strength 
and stiffness compared to the hexagonal honeycomb core design. The relative core 
density and core topologies especially core with negative Poisson’s ratio affect the 
bending strength and stiffness of the sandwich beam, as is evident. To build a sandwich 
composite beam with maximum bending stiffness and bending load capacity, the core 
would have a negative Poisson's ratio and a high relative core density. This study 
provides fresh light on the design of sandwich composite structures with exceptional 
mechanical characteristics for a broad variety of industrial and structural applications. 
 

6.2 Recommendation for Future Works 
Increasingly, aeroplanes, ships, and other specialized vehicles are considering 

sandwich composites for use as structural components, as well. Static and dynamic 
loads are often applied to sandwich composite structures. In addition, the production of 
the specimens, particularly the printing of the core, has a substantial effect on the 
maximum load that may be applied. To reduce this inaccuracy, the production process, 
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particularly the printing of the core, must be investigated further. More materials, 
geometric and topological architectures of the core should be studied in the future to 
combine the deformation of continuous phases to attain greater bending performance. 
Furthermore, the printed orientation should be studied in the future for more 
understanding of the effect of printing orientation to the bending behaviour. 
 In addition, the correctness of the findings from the finite element analysis 
should be evaluated further. This feature validates the tensile characteristics of 
materials. Instead of linear structural analysis, the bending behaviour of sandwich 
composite beams may be analysed utilising nonlinear structural analysis and massive 
deformation. Increasing the division of cell wall thickness by at least five divisions might 
result in more precise findings. In further, the model that was utilised in the experiment 
may have been different from the model that was used in the finite element analysis, 
which may have had an influence on how accurate the results were. The model may be 
scanned using a CT scan, and the 3D model can then be imported into a finite element 
analysis. With the use of this approach, we can certify that the model between the 
experiment and the finite element will match. In fact, if more accurate findings are 
desired, more research on the meshing type should be conducted. It is also possible to 
employ the hexahedral meshing instead of the tetrahedral meshing. Also, the sensitivity 
of the mesh would impact the accuracy of the results. This may be studied further by 
executing the convergence test to enhance the mesh’s precision and comparing the 
results to experimental data. 
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APPENDIX A 
 

Varying mesh size for body sizing and edge sizing. 

 
 A denser element distribution is used to reconstruct the mesh, re-analyse it, and 
then compare the findings. The final mesh size was chosen when the findings of the 
deflection has stabilized.  

Body Sizing 
Edge Sizing 
(Divisions) Number of 

Nodes 
Number of 
Elements 

Deflection 
Face 
Sheet 

Core Roller 
Face 
Sheet 

Core 

8 4 5 2 2 19710 36808 1.4134 
8 4 5 3 3 25844 51377 1.3875 
8 4 5 4 4 27459 49848 1.3513 
8 4 5 5 5 31649 61321 1.3665 
7 4 5 2 2 19920 36719 1.4202 
7 4 5 3 3 26348 51737 1.3374 
7 4 5 4 4 28089 50328 1.3542 
7 4 5 4 5 30725 60361 1.3694 
7 4 5 5 5 32405 61921 1.3694 
6 3 5 5 5 38263 76231 1.3692 

stabilized 
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APPENDIX B 
The example of Von-Mises stress of the hexagonal honeycomb core at relative density of 
0.3 from finite element analysis. 
 
 
 
 
 
 
 
 
 
As the yield strength of acrylonitrile butadiene styrene was 44.1 MPa, the maximum load 
can be determined from the intersection of the linear graph as shown below. Therefore, 
the maximum load of the hexagonal honeycomb core at relative density of 0.3 was 3589 
N.  
 

Load (N) Von-Mises (MPa) 
500 6.51 
1000 13.14 
1500 19.45 
2500 31.37 
3000 37.01 
3500 42.6 
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