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Abstract 

Cellular solids are both naturally occurring and man-made materials depending on the 

characteristic length or Stochastic manner, these materials exhibit a low-relative density 

usually 30% than the constituent solid material. Low-density cellular solids have been 

demonstrating superior mechanical properties in various applications from marine to 

aerospace and lightweight sandwich structures, which has intrigued in development of 

novel structured materials.  

 

Cellular solids offer great design flexibility ashowows how for the targeted geometric for 

the application-based industry. These materials are used in sandwich structures and come 

in the shape of hexagonal. An additional aspect of determining the properties and 

behavior is by studying single cells which can be incorporated into the sandwich panel. It 

has been difficult to determine the exact shape or geometry to be used based on the 

application, we investigate the chiral and standard hexagonal honeycomb to design the 

novel macrostructural and the topology of the chiral shapes to control both the static and 

dynamic behavior phenomena.  

 

This particular cellular structure exploits the high stiffness of the honeycomb core and 

also absorbs energy on impact. The present research being addressed shows the 

comparison and the suitable geometry based on the application. 

 

 

 



 
 

8 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

9 
 

 

Table of Contents 

 

Chapter 1 Introduction …………………………………………………………… 20 

       1.1 Motivation and Methodology…………………………………...               22 

      1.2 Thesis outline……………………………… ………………….                  24 

Chapter 2 Literature Review …………………………………………………        25 

     2.1 Introduction…………………………………………………………            27 

     2.2 Honeycomb structures overview………………………………….               29 

     2.3 Re-entrant honeycomb structure………………………………………         31 

     2.4 Different types of chiral honeycomb structure ……………………              33 

    2.5 Honeycomb loading direction in various directions………………….            35 

    2.6 Types of failure of sandwich panel………………………………….             37 

    2.7 Theory of chiral shapes of honeycomb structure……………………             38 

    2.8 Mesh independent study …………………………………….                       40 

   2.9 Stresses and strain of honeycomb structure ………………….                       42 

   2.10 Finite Element analysis of honeycomb single-cell ………………….           44 

   2.11Mesh and Boundary conditions ………………………………….                 48 

  2.12 Simulation results from deformation and stresses ………………….             50 



 
 

10 
 

Chapter 3 Methodology 

      3.1 Buckling analysis of honeycomb structure ………………….                         52 

      3.2 Modal of the cell …………………………………………….                          54 

      3.3. comparison of the von-misses vs cell length …………………….                  58 

      3.4 total deformation vs cell length ………………………………….                   60 

     3.5 Mode shapes and nodes………………………………………….                     62 

 Chapter 4 Results and discussions 

      4.1 Mechanics of chiral Honeycomb structure ……………………….                 70 

      4.2 Mesh independent study of chiral shapes ……………………….                   72 

     4.3 Auxetic Chiral shapes simulations ………………………………                    74 

     4.4 Anti-Chiral Honeycomb structures ………………………………                   77 

      4.5 Hexa-chiral Honeycomb structure ………………………………                    79 

      4.6 Tetra-Chiral Honeycomb structure …………………………….                      84 

Chapter 5 Conclusion and Future work 

      5.1 Summary……………………………………………………… 

      5.2 Conclusion and progress of future……………………………. 

Chapter 6  

      6.1 References and Bibliography ……………………………………………… 



 
 

11 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

12 
 

LIST OF FIGURES 

Figure 1.1 Pantheon of Rome interior Structure. ……………………….                                 22      

Figure 1.2 Trabecular bone and parenchyma structure at microscopic level……….               23 

Figure 1.3 Microstructure and homogenization of the bone compared with honeycomb.        25 

Figure 1.4 Structure of flat bone………………………………………..                                  25 

Figure 2.1 Cylindrical sandwich structure………………….                                                    29 

Figure 2.2 Regular and re-entrant hexagonal shapes………………                                        30 

Figure 2.3 Different types of Chiral honeycomb structures…………….                                31 

Figure 2.4 Honeycomb loading directions……….                                                                   33 

Figure 2.5 Compressive and tensile curves for honeycomb………                                         35 

Figure 2.6 Structure of Voronoi honeycomb………….                                                           36 

Figure 2.7 Voronoi honeycomb with exclusive distance……………                                      37 

Figure 2.8 Different failure stages of sandwich panel……….                                                  39 

Figure 2.8 Chiral shape of honeycomb structure……….                                                          41 

Fig 2.10 Mesh of the geometry………………………….                                                         43 

Fig 2.12 Von-Misses stress vs nodes…………                                                                         44 

Fig 2.13 Von-Misses stress vs mesh size……………                                                                45 

Fig 2.14 Mesh elements for the single-cell …………….                                                           47 



 
 

13 
 

Fig 2.15 Boundary conditions for the single-cell ………….                                                     48 

Fig 2.16 Total Deformation for 3mm cell……………                                                              49 

Fig 2.17 Von-Misses Stress for 3mm cell …………                                                                 49 

Fig 2.18 Strain energy for 3mm cell…………………….                                                          49 

Fig 2.19 Total Deformation for 5mm cell……………………...                                               49 

Fig 2.20 Total Deformation for 5mm cell………………………                                              49 

Fig 2.21 Total Deformation for 5mm cell………………………                                              50 

Fig 2.19 Total Deformation for 10mm cell…………………….                                               51     

Fig 2.19 Total Deformation for 10mm cell………………………                                            51  

Fig 2.19 Total Deformation for 10mm cell……………………….                                           51 

Figure 3.1 Modal of the buckling……………………………                                                   56 

Figure 3.2 Modal of the cell………………………………                                                       56 

Figure 3.4 Out-of-plane of honeycomb structure…………………...                                       58 

Fig 3.3 Comparison of deformation vs cell length…………………                                        59 

Fig 3.5 Comparison of the von-misses vs cell length……………...                                         59 

Fig 3.6 Comparison of strain energy vs cell length…………….                                              61 

Fig 3.7 Mode shape 1- 3mm      …………………………                                                       62  

Fig 3.8 Mode shape 2  - 3mm………………………..                                                             62 



 
 

14 
 

Fig 3.9 Mode shape 3………………………………….                                                   62 

Fig 3.10 Mode shape 4……………………………………                                              62 

Fig 3.11 Mode shape 1 of 5mm………………………                                                     62 

Fig 3.12 Mode shape 2 of 5mm……………………………….                                        62 

Fig 3.13 Mode shape 3 of 5mm……………………………                                             62 

Fig 3.14 Mode shape 4 of 5 mm……………………………….                                       63 

Fig 3.15 Mode shape 1 of 10mm………………………………...                                    63 

Fig 3.16 Mode shape 2 of 10mm………………………….                                              63 

Fig 3.17 Mode shape 3 of 10mm……………………………...                                        63 

Fig 3.18 Mode shape 4 of 10mm……………………………...                                        63 

Fig 3.19 Mode vs cell length of various sizes…………………….                                   65 

Table. 3.20 Mode shapes and cell length…………………...                                            66 

Fig 3.21 Graph showing cell angle vs energy per unit volume……...                               67 

Fig 3.22 graph plotted between stress and the strain……………...                                   70 

Fig 3.23 graph plotted between global strain vs stress……….                                          70 

Fig 3.24 Model of honeycomb 4x6 panel 3mm………….                                                 70 

Fig 3.25 Equivalent stress of honeycomb 4x6 panel 3mm…………...                             71 

Fig 3.26 Total Deformation of honeycomb 4x6 panel 3mm…………….                        71 



 
 

15 
 

Fig 3.27 Model of honeycomb 4x6 panel 5mm……………….                                       71 

Fig 3.28 Equivalent Stress of honeycomb 4x6 panel 5mm…….                                      72 

Fig 3.29 Total Deformation of honeycomb 4x6 panel 5mm...                                          72 

Fig 3.30 Model of honeycomb 4x6 panel of 10 mm...                                                      72  

Fig 3.31 Equivalent stress of 4x6 panel of 10mm……..                                                   72 

Fig 3.32 Total Deformation of 4x6 panel of 10mm…….                                                 72 

Fig 4.1 Mode of chiral shape 1…………………………….                                             75 

Fig 4.2 Model of chiral shape 2……………………….                                                    75 

Fig 4.3 Model of chiral shape 3……………………………...                                          75 

Fig 4.4 Orthotropic properties of honeycomb structure…………….                                77 

Fig 4.5 Loading characteristics of honeycomb structure…………                                    77 

Fig 4.6 In-Plane X loading properties of honeycomb structure……….                             80 

Fig 4.7 In-plane Y loading properties of honeycomb structure……….                             81 

Fig 4.8 Orthotropic properties of honeycomb structure………………….                         83 

Fig 4.9 Mesh properties of chiral honeycomb structure………………                              84 

Fig 4.10 Mesh table properties of honeycomb structure………….                                     85 

Fig 4.11 Mesh independent study of chiral structure…………..                                         85 

Fig 4.12 Model of Auxetic………………………………                                                   86 



 
 

16 
 

Fig 4.13 Equivalent stress of Auxetic ………………                                                         86 

Fig 4.14 Total deformation of Auxetic……………………                                                86 

Fig 4.15 Model of Anti-chiral…………………                                                                  87 

Fig 4.16 Equivalent stress of Anti-chiral …………………                                                87 

Fig 4.17 Total deformation of Anti-Chiral…………..                                                         87 

Fig 4.18 Model of Hexa-Chiral………………………                                                        88 

Fig 4.19 Equivalent stress of Hexa-Chiral ……………                                                      88 

Fig 4.20 Equivalent stress of Hexa-Chiral………………                                                   88 

Fig 4.21 Model of Tetra-Chiral………………………………                                            89 

Fig 4.22 Equivalent stress of Tetra-Chiral…………                                                           89 

Fig 4.23 Equivalent stress of Tetra-Chiral………………………                                       89 

Fig 4.24 Graph plotted between total deformation vs pressure…                                       90 

Fig 4.25 Graph plotted between total deformation vs pressure………                               90 

Fig 4.26 Graph plotted between frequency vs Z-direction………………………… 

Fig 4.28 First mode of frequency under natural vibration.………………………. 

Fig 4.28 Second mode of frequency under natural vibration.……………………… 

Fig 4.28 Third mode of frequency under natural vibration.………………………. 

Fig 4.28 First plotted between frequency vs Z-direction………………………. 



 
 

17 
 

Fig 4.28 Second plotted between frequency vs Z-direction……………………… 

Fig 4.28 Third plotted between frequency vs Z-direction………………………. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

18 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

19 
 

Chapter 1 

 

INTRODUCTION 

 

Composite materials are widely used in today’s modern world in commercial as well as 

in various applications and are also considered engineering marvels because of the 

properties they exhibit. The composite materials usually come in sandwich structures 

which are in the form of sandwich structure where the laminate and lamina are in the 

form of skin outer part of the core adhesive with the core. Cellular honeycombs are very 

unique in exhibiting as energy-absorbing components which are used in aircraft, marine, 

and various high energy absorption-based applications. A major challenge in this field is 

to understand the properties of the honeycomb structures in design optimization and their 

performance in Mechanical, Thermal and acoustic.  

 

Honeycomb structures with hexagonal shapes are the most commonly used cellular 

materials and because of their vast demand in Engineering applications they have been 

manufactured with various technologies based on application, however in reality based 

on rapidly increasing diversity in micro and macro scale point of view, the shapes of 

different cell have been evolved, for example, honeycomb structure comes in hexagonal, 

rectangular, and triangular shape and recently with the chiral shapes showing more 

advantage and exhibiting better properties brings attention to develop and improve the 

characteristics of the cell geometry. 
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Cellular materials like honeycomb sandwich structures come with three components, 

which is skin with top and bottom and core is in between sandwich. These sandwich 

panels are used where high bending stiffness is required with minimum weight, they also 

exhibit high strength to weight ratio and low weight for a given stiffness can be increased 

by the only the thickness of the core is increased. 

 

Honeycomb structures as said come in three components, skin or face sheets are made up 

of materials with high strength such as a metal plate or fiber-reinforced polymer 

composite, the design of the face sheet is so important because it is the main component 

for load-carrying capacity with high specific bending stiffness, when combined with high 

specific strength it results in low weight and highly efficient component, the honeycomb 

structures are used since 3000 years ago in various structures which are inspired from 

nature. 

 

 

Fig 1.1 Pantheon of Rome interior Structure. 
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Figure 1.2 Trabecular bone and parenchyma structure at the microscopic level 

 

 

Figure 1.3 Microstructure and homogenization of the bone compared with honeycomb. 
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Honeycomb structure panels are low modulus and lightweight cellular core, the assembly 

maximizes stiffness-to-weight ratio and bending strength-to-weight ratio, which 

effectively helps to carry distributed load across the panel, one of the main components is 

core which has the role of bearing out-of-plane shear stress.  

 

The Honeycombs, with prismatic cells, are also called two-dimensional cellular solids 

and the relative density is the ratio of the density of the cellular solid made from to the 

equivalent to the volume fraction of the solid. If the structure has foam and is in 

polyhedral shape is called three-dimensional cellular solids.  

 

1.1 Motivation and Methodology  

 

Cellular solids have a very peculiar property that attracts and is inspired by nature, the 

investigation and development of cellular solids as an energy-absorbing component to 

various spacecraft fuselage designs has always been kept an open mind of looking out of 

other patterns or designs that ever existed in Honeycomb structures. 

Honeycomb structures are already been used in the fuselage of aircraft, building 

spacecraft, and also in automotive, marine applications, previous studies have been 

conducted in regular hexagonal shape but not on different topologies which can help 

understanding better geometries and their properties in a real-world application, Cellular 

solids are found in nature predominately for example skull of birds and humans the 

outermost layer is nothing but the sandwich structure which help us protect from any 

impact from outside. 
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Figure 1.4 Structure of Flat bone 

 

The motivation of this study is to investigate various shapes along with chiral figures and 

compare the results for the optimal design for various applications, the core is the main 

part of the structure and involves more with the bending stiffness. The skins are 

responsible for the load-bearing and transmitting the load to the core, usually, the skin 

materials are made up of epoxy-resin, thermoplastic, aluminum, and Nomex, and the core 

is made up of usually fiberglass, carbon fiber, and reinforced plastic and they vary based 

on their application from jet aircraft to wind turbine blades. 
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1.2 Thesis Outline  

 

Chapter 2 consists of a literature review and also a discussion with an introduction to the 

topology of hexagonal honeycomb and various chiral shapes, we use SOLIDWORKS and 

ANSYS for the simulation and computational evaluation. Hexagonal shapes honeycomb 

with a single-cell and with the panel is being studied and the geometry modeling is 

carried out in SOLIDWORKS and then the file is being imported to ANSYS and the 

simulation is given a run and the results are obtained. 

 

The computational method is discussed in Chapter 3 or Methodology and the 3 

Dimensional models are created and mesh convergence study has also been conducted to 

validate the results obtained, in this dissertation mainly two objectives of study has been 

conducted one is a hexagonal single cell and a sandwich panel has been modeled and 

simulations are carried out and the second part is the 4 different chiral shapes are 

modeled and ANSYS simulation is performed with both impact of sandwich panels and 

other single-cell components. 

 

Chapter 4 includes the results and discussion of the models and comparison of the 

simulations are been conducted by varying the thickness of the face sheet and also the 

chiral shapes are so independent to each other in terms of their appearances, and the 
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results show the effects behind the structural behavior under various loading and the 

deformation of the cells a stress-strain study is also been conducted. 

Chapter 5 includes the discussion of the results and discussion from the comparison of 

the various geometries and modeled in various tools like SOLIDWORKS AND ANSYS 

and chapter 6 includes conclusion and future work of the research and finally with the 

references. 
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Chapter 2 

Literature Review 

 

Any metal when loaded with weight or in bending mode it causes huge stress and strain, 

the deformation depends on various factors like the type of material, the thickness of the 

metal, and type of the environmental conditions and the manufacturing process includes a 

lot of defects and pores which can be avoided but cannot completely be terminated. 

Coming to the composite materials made up of different materials they exhibit unique 

features and perform better than traditional metal components. Cellular materials include 

a honeycomb structure in which the three components, the bottom, and top are called skin 

or face sheets, and the center in between them are called core. 

 

Chiral honeycombs of elastic constants of 3-,4- and 6- connected chiral honeycombs 

which are subjected by uniaxial in-plane loading have been studied by [] and tetrarchical 

honeycombs have been carried out using the Abaqus software with 8 node quadratic 

elements.  The deformation of the ligament mid-points of the chiral honeycombs remains 

parallel to the honeycombs. They found that in-plane young’s moduli and Poisson’s ratio 

of hexachiral, tetrachiral, anti-tetrachiral, trichiral, and anti-archival are all found to be in 

a good argument with FE Model predictions. It was found that the young’s modulus has 

been increasing with ligament coordination number. The auxetic honeycombs have the 

value of Poisson’s ratio close to -1. The trichiral has the positive Poisson’s ratio whereas 

the anti-trichiral shows a negative Poisson’s ratio. 
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The study of elastic buckling of chiral hexagonal cells has been studied by [] and the 

work is carried out to study both analytical, numerical, and experimental on the 

compressive strength of hexagonal chiral honeycombs. These cells are considered under 

noncentrosymmetric single cell with negative Poisson’s ratio with the value of -1. 

 

Figure Unit cell of the chiral honeycomb. 

 

The compressive strength of the auxetic hexagonal chiral honeycombs has been modeled 

using both analytical and Finite element approach, the study shows that cylinders are 

considered the providers of the majority of the compressive strength and the FE 

Simulations has shown that nodes behave like cylindrical shells under axial uniform 

loading that has some deformations in the localized. The Hexagonal chiral shapes are 

have been showing consistently potentially used in the sandwich light materials. The 

compressive strength for low-density ratios appears to be higher compared to analogous 

density properties in conventional centrosymmetric honeycombs. The more complex 

nodes under buckling interaction between nodes and the plates of the cells are studied are 

requiring some attention to design new cellular structures. 
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The prediction of effective elastic modulo of honeycomb-type sandwich plates has been 

studied by []. The sandwich panels consist of a honeycomb core with regular hexagonal 

cells and the orthogonal fiber-reinforced face sheets where the considerations on the 

cellular structure have been investigated and the results showed are out-of-plane shear 

properties of the core (Gxy, Gyz) may be calculated by different models.  

Vinson, Zhang and Ashby, and Kobe Levi have given equations for the compressive 

young’s modulus. 

The investigations of compressed sandwich composite/honeycomb cylindrical shell are 

subjected to compressive loads and o detect the initiation of overall buckling mode the 

strain gauges are applied and was studied by []. The failure analysis of deep and curved 

or thick cylindrical panels is made of a cellular honeycomb. The first failure mode was 

identified as the overall buckling and the mode by 8.5% higher than experimental results 

is not high and acceptable. The second mode of failure was the face sheet wrinkling 

because of the manufacturing imperfections of the core and the interface between the skin 

and core. 
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        The properties of chiral honeycombs are discussed by [] the unusual cellular solids created                      

        new interest in re-entrant structure this unique honeycomb structure exhibits negative                    

       Poisson’s ratio, all the allowable ranges is closer to 0.33. 2-D honeycomb with regular                              

       regular hexagonal cells has Poisson’s ratio of +1 and the out-of-plane properties differ due 

too 

      anisotropic. Foam materials with a negative Poisson’s ratio can go up to -0.7 an inverted or   

      re-entrant cell structure is obtained from isotropic permanent volumetric compression form. 

       

                                          Figure 2.2 Regular vs re-entrant hexagonal honeycombs. 

The transverse elastic properties of 5 different chiral honeycomb shapes are discussed by [] 

Auxetic behavior in honeycombs can be achieved with specific cell geometries, including center-

symmetric re-entrant bow-shaped cells and the out-of-plane linear elastic properties of 

hexachiral, tetrachiral honeycombs have been investigated using analytical and finite element 

methods, from the theoretical point of view the transverse shear modulus is bounded between 

upper and lower bound. The compressive modulus is calculated from cellular solids. 
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𝐸𝑧

𝐸𝑐𝑜𝑟𝑒 
  = 

⍴

⍴𝑐𝑜𝑟𝑒
 

Ecore and ⍴core are the modulus and density of the solid material. 

⍴

⍴𝑐𝑜𝑟𝑒
=  

𝛽[3𝛼 +  𝜋(2 − 𝛽) − 3[𝜑 − (1 − 𝛽)𝑠𝑖𝑛𝜑]

2√3[(1 −
𝛽
2

)
2

+
𝛼2

4 ]

 

 

                       Figure 2.3 Different types of Chiral honeycomb structures. 

Regular and chiral shape honeycombs material properties are described by Gibson Ashby in 

Cellular solids, foams can be made out of metals, plastics, ceramics, and even glasses. The 

geometric structure of the foam decides the size and shape of the cells.  

The cell wall properties which are usually ⍴s density, young’s modulus Es, the plastic yield 

strength σys, fracture strength σfs, the thermal conductivity λs and thermal expansion αs, these 

properties help us understand more on how the cellular materials behave and their applications 
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are fitted, they are used in a wide variety of applications and the best common are polymer and 

metal ones of the core of sandwich panels from making furniture to aerospace applications. 

Metal-based honeycombs are mainly used in aerospace engineering and energy-absorbing 

applications and ceramic-based honeycombs are used in high-temperature applications and many 

natural materials like wood and bamboos are used in structures and load-bearing applications. 

The cell walls have a very intricate 3-Dimensional network that distorts during deformation and 

it’s very difficult to identify. If a honeycomb is compressed in-plane the cell walls first bend by 

giving linear elastic deformation and the cell collapse by elastic buckling, plastic yielding and 

yield creep, or even by brittle fracture which completely depends on cell wall material. Usually, 

the cell wall stops collapsing when the adjacent cell walls touch each other and the structure 

densifies by increasing stiffness rapidly. The tension in the cell walls first bends but the elastic 

buckling is not possible and the cell wall material yields plastically. If the cell walls are brittle it 

fractures. The large scale honeycomb structure model are made up of rubber, metal, or ceramic. 

If the cell walls are under out-of-plane deformation the stress acts parallel to the axis of the 

prismatic cells and the cell walls suffer extension or compression and the moduli make the 

collapse stress are much higher. 
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Figure 2.4 Honeycomb loading directions. 

The in-plane loading is in the X1 and X2 direction and the out-of-plane is X3 direction, the in-

plane stiffness and strengths are the lowest because the stresses in this plane make the cell walls 

bend.  The out-of-plane stiffness and strength are much larger because they require the axial 

extension or compression of the walls. The study of in-plane properties helps us understand more 

mechanisms by which the cellular solids deform and fail, the out-of-plane analysis gives the 

additional information on stiffness that is needed to design the honeycomb structure and the 

behavior of the natural honeycombs like materials include wood and polymers.  

The compressive and tensile stress-strain curves for elastomeric and elastic-plastic honeycomb 

and one which is elastic-brittle. In compression linear-elastic regime by a plateau of 

approximation constant stress which leads into a final regime of steeply increasing stress and 

each regime with the mechanism of deformation which can be identified by loading of 

honeycombs. The out-of-plane loading is applied mostly in the energy absorption applications 

where the load and the stress caused due to it is transmitted to the core and the cell wall starts 

buckling after the threshold limit. 
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                                Figure 2.6 Compressive and tensile curves for honeycomb  

The first loading causes the cell walls to bend and give the linear elasticity, but when the critical 

stress is once reached the cell walls being to collapse, and in elastomeric materials collapse to the 

point where the plastic hinges at the section of the maximum moment in the bent members and 

brittle materials or by the brittle fracture of the cell walls and eventually high strains the cell 

collapse sufficiently which opposes cell walls touching the further deformation compresses the 

cell wall material, stress-strain curve is labeled as densification.  
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The increase in the relative density of the honeycomb increases the relative thickness of the 

walls. The resistance to cell wall bending with cell collapse caused higher modulus and plateau 

stress and the cell walls come close to each other which triggers the densification and the stress-

strain curve changes with increasing relative density t/l.  

We should also discuss on Voronoi honeycomb which is explained by Ashby Gibson []. These 

foams are sometimes made up of supersaturating liquid with gas and then reducing the pressure, 

so the bubble nucleate grows. Voronoi honeycomb is the type of structure which represents the 

result of nucleation of growth from bubbles, they are created by forming the perpendicular 

bisectors between random nucleation points and the envelope of surfaces that surround each 

other. Each cell contains all points that are closer to its nucleation point than any other structure. 

 

 

 

Fig 2.5 Voronoi structured honeycomb 
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Figure 2.6 Voronoi Honeycomb with exclusive distance. 

If all the cells nucleate and grow simultaneously in space at a single isotropic rate. To model the 

structure of irregular honeycomb we need n points which are firstly generated in a central square 

with area a0 and periodic boundary conditions. Each cell is constructed by the perpendicular 

bisectors of the lines connecting this seed to every seed may be obtained by constructing, when 

the honeycomb model is placed under strain and the periodic boundary conditions corresponding 

nodes on the opposite edges of the unit cell have identical orientations. 

The size of the unit honeycomb cell is given by the stresses reduced by ρ3 and the young’s 

modulus Es and it’s give as  

𝜎 = 
𝜎

𝐸𝑠.ρ3
 

The solid material is assumed to be elastic throughout the deformation and the adoption of 

reduced stress.  
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Sandwich panel components and constructions have been discussed earlier, where the core is 

made up of usually Nomex honeycomb and made of metal or foam with open or closed cells. 

Usually, Nomex is made up of nylon or sometimes aramid which is also from a piece of paper. 

Several sheets of Nomex paper have glued each other over sequential as multiple layers. They 

have high density; help prevent moisture penetration open cell-to-cell engagement and have 

stiffer mechanical properties. Many times, certain manufacturing defects like wrinkling can 

cause the structure to fail and collapse. 

When a simply supported sandwich panel is subjected to in-plane compressive loads, buckling 

failure can occur. Buckling is characterized by a sudden out-of-plane deformation of the 

sandwich panel. Buckling of honeycomb structure occurs when the load is applied out-of-plane 

and there is a deformation that can lead to buckling but happens only when the height of the 

sandwich structure is greater than the length of the overall sandwich structure.  

Buckling of the sandwich structure occurs in several ways and one mode the face sheet layers, 

and the core has the same amount of experience for the same out-of-plane deformation, which is 

called global buckling mode, as the deformation is like a long wavelength that is equal to the 

length of the flat sandwich plate. Another buckling mode is a short wavelength and the face sheet 

or the core layer they don’t extend laterally to the thickness of the immediate layer. This mode is 

usually called asymmetric buckling mode and the short wavelength mode is the core material is 

stretched or compressed is called asymmetric buckling mode. 

The overall deformation of the sandwich panel can be calculated and studied for the 

determination of the critical buckling load and different buckling modes of failure which 

response is core stiffness and core shear strength and as well panel surface dimensions or 

thickness.  
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Usually, the honeycomb structure fails by the failure of face, transverse shear failure, Crush of 

the core, general buckling, shear crimpling, and wrinkling of the face. This failure depends on 

the loading direction of the component. 

 

Figure 2.7 Different failure stages of sandwich panel. 
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The honeycomb structure can be compared with the regular hexagonal panel and numerous 

studies show the relative stiffness, strength, and weight exceptional. Ashby Gibson has studied 

various properties of the honeycomb sandwich panels and they have more advantages than 

conventional metal because of extreme relative stiffness, relative weight. 

In the study when we apply out-of-plane de rmation loading on cell  length with varying 

thickness and the cell walls of honeycomb initially compress and the axially so that the young’s 

modulus with volume fraction or the relative density which is 𝜌∗ =  density of honeycomb, 𝜌𝑠 = 

density of the solid. 

Relative density  = 
𝜌∗

𝜌𝑠
 

Finite element analysis of the dynamic response of honeycomb structure of low-velocity impact 

is been studied by []. FEA has been performed in different software on impact velocities of the 

honeycomb structure and the three main components which include the skin, core, and the bullet, 

with the same thickness on the strain, stress, and displacement of structure and the sudden 

collapse of the impact energy. 

Cells that come in different shapes and sizes in which the 2D arrays with regular shapes or 

assemblies of triangles, squares, and hexagonal, but in nature, they are various frequent change 

or deviations from regular cells caused from the rearrangements. The Voronoi honeycomb for 

example in the size of dispersion based on size and the varying in the number of edges per cell. 
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Chiral honeycomb with buckling behavior is studied by  []. In this study, an analytical formula 

and the finite element method are been compared based on the applied boundary conditions. This 

different chiral geometry has been very intrigued by their behavior and results compared to the 

conventional honeycomb structure.  

  

Figure 2.8 Chiral shape of the honeycomb structure 

Sin β = 
2𝑟

𝑅
  and tan β = 

2𝑟

𝐿
 

The distance between the center of adjacent nodes is R and while L, r are the length and the 

radius of the nodes and the angle β is the orientation of the length to the center of the nodes. 

The Pcr is the critical load  

 

The critical buckling stress is given by 
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Chapter 3 

 

METHODOLOGY 

There are multiple reasons why we consider honeycomb structures more superior than 

conventional metals, honeycomb bee has regular prismatic hexagonal cells of cellular solids in 

two dimensions. The shapes come in different geometries from triangular, square, or rhombus. 

They are widely used in polymer and metal ones for the core of sandwich panels in everything. 

An increase in relative density can be different and the cell walls bend, giving linear-elastic 

deformation with the same slope as in compression, in case of tension elastomeric honeycomb 

doesn’t buckle but instead cell walls rotate towards the tensile axis, and which causes stiffness to 

increase. On the other hand, the plastic honeycomb behaves in almost the same way as they do in 

compression and the plastic hinges form allowing large deformations at a “plateau” stress and the 

only geometry change which causes nudging the tensile curve above the compression one. Brittle 

honeycomb fails abruptly in tension and stress which is lower than the crushing strength. In the 

brittle solid, fracture in tension is controlled by the largest crack or damaged cell, increasing in 

relative density has a similar effect to that in compression, and the elastic moduli, plastic yield 

stress, and brittle fracture stress all increase. 

In this dissertation we will use different geometries to study on the behavior of honeycomb 

structures subjected to loading and boundary conditions, we use ANSYS, Solidworks to perform 

analysis and the results are compared. The mesh independent study I have been conducted to 

check the mesh quality and validate the analysis. 
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In this study we first start with the Single-cell honeycomb with varying cell dimensions of 

3mm,5mm, and 10mm and the mesh study has been conducted for the mesh size of 0.1mm for 

the analysis. For the mesh independence study, the mesh sizes used are varying from 

0.05,0.075,0.1 and 0.125mm and the elements, nodes are tabulated, and the comparison is being 

conducted which 0.1mm best suited the analysis.  

 

Figure 2.9 Single-cell Honeycomb Geometry using Solidworks 

The cell geometry has a cell height of 20 mm and the thickness of the cell is 0.5 mm and the cell 

length is 3mm which is fixed and the study was conducted for the varying cell sizes from 3,5 and 

10 mm and the height, thickness are fixed and not changed for the rest of the simulation. 

Mesh was created for various geometries and with varying cell lengths and the results are 

tabulated. The Mesh sizes used for this study are ranging from 0.05mm, 0.075mm,0.1mm, 

0.125mm, and the nodes and elements are calculated for each mesh size. 
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Fig 2.10 Mesh of the geometry 

The results obtained from mesh independent study (0.1mm) were chosen to run the further 

simulation and the nodes and element converged to the adjacent mesh size. 

 

Fig 2.11 Tabulated mesh size with elements and nodes 

We have concluded based on the elements, nodes and von-mises stress the mesh size of 0.1mm 

looks very reasonable and optimizing to obtain simulations without any manipulations or results 

being undesirable, in the mesh study we used quadrilateral elements and a fine mesh was 

applied. 
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Fig 2.12 Von-Misses stress vs nodes 

 

 

Fig 2.13 Von-Misses stress vs mesh size 
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Table 2.11 shows that an increase in mesh size can cause a decrease in elements and nodes, the 

von-misses stress also keeps decreasing significantly. The optimum mesh size and which can 

validate the results mesh size is used. In the Mesh independent study von-misses stress is plotted 

along with the mesh size and nodes. 

The Von-Misses stress keeps increasing and the graph shows there is an exponential increment in 

the von-mises stress with an increase in mesh size, the stress has a very low difference and 

eventually after 0.125mm mesh size the percentage of error has steep high since the von-misses 

stress is considered as one of the important factors to determine the strength and the stiffness of 

the materials based on the loading conditions. We tried to apply the same mesh independent 

study and sizes for the other geometries including the various figures and chiral shapes. 

We conduct the mesh independence study for various sizes it helps us to understand more about 

the geometry and also identify the elements which are sensitive and cause failure. If the model is 

small and the number of the elements can be increased and simulation is performed to study the 

behavior under loading conditions. The Mesh independence study also validates the accuracy of 

the simulations and validates the results. Using appropriate mesh sizes and methods could help 

us understand the dynamics of the component.  

In the out-of-plane behavior of honeycomb structure, we use the 3D-Modeled in Solidworks and 

then the simulations are generated in the ANSYS workbench, we carry out the mesh sizes and 

comparison is made between elements and nodes for the von-mises stress and equivalent 

deformation. 
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Fig 2.14 Mesh elements for the single cell  

 

 

Fig 2.15 Boundary conditions for the single cell  
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The effect of a number of elements on the core depth has been showing in the tabular form and 

we also see that the elements have been increased with the increase in mesh sizes and the size of 

the honeycomb structures. In this study, we have used 3,5,10mm cell wall length to determine 

the behavior of the honeycomb structure based on the increase in the length and effect on it. The 

study shows that the deformation is more seen in the 3mm cell length and it increases steadily 

with the increase of the load and we see similar results for the remaining 5 and 10mm, with the 

cell wall length increase the buckling strength increase and the energy absorption also increase 

with the increase of the cell wall length. 

If we look at the graphs plotted for the various mesh sizes vs total deformation, von-misses stress 

and strain energy and the data obtained from mesh independence study show that with the 

increase in cell length the percentage of error is keeps increasing for the 3mm and the data points 

show that the gap is narrowed with the increase of the cell wall length.  

The real science behind of increase in cell wall length helps to prevent further buckling of the 

cell and the stress and deformation is peak initially and the cell resists the deformation creating 

the energy absorption which allows the cell to absorb more stress and avoid buckling, the loads 

are applied step size 5 with 1000N to 5000N. The max deformation was observed for the 3 mm 

and the least deformation is obtained for 5000N which is 0.000028248mm.  

These structures which can be deployed in various applications based on the loading conditions, 

this study mainly deals with single cell honeycomb structure and then eventually taken to the 

chiral shapes with different geometry and boundary conditions and these shapes are build in 

matrix format like a sandwich structure and the analysis are also performed using 

SOLIDWORKS and Ansy. 



 
 

47 
 

 

Fig 2.16 Total Deformation for 3mm cell 

 

Fig 2.17 Von-Misses Stress for 3mm cell  

 

Fig 2.18 Strain energy for 3mm cell 
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Fig 2.19 Total Deformation for 5mm cell 

 

Fig 2.20 Total Deformation for 5mm cell 

 

Fig 2.21 Total Deformation for 5mm cell 
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Fig 2.19 Total Deformation for 10mm cell 

 

Fig 2.19 Total Deformation for 10mm cell 

 

Fig 2.19 Total Deformation for 10mm cell 
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This study mainly gives us an insight of the behavior of cellular materials under various loading 

conditions and not only limited to that but also extent to modal analysis which helps us 

understand more even about the cell behavior under its natural frequency with the increase of the 

cell wall lengths and also the comparison has been studies for the different geometry shapes and 

chiral parts for the investigation and to determine which shape or cell is more suitable. 
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Chapter 4 

Buckling and theoretical prediction of single cells and chiral honeycomb structure 

When a simply supported beam, panel is subjected to in-plane compressive loads, buckling 

failure can occur. Usually buckling is characterized by a sudden out-of-plane deformation of the 

sandwich panel. Buckling also occurs even when applied in-plane loads as well. Global 

instability mode of a sandwich structure is commonly referred to as the overall buckling mode of 

the structure.  

Buckling of the sandwich panel occurs I several possible modes. In one modem the face-sheet 

layers and the core experience the same out-of-plane deformation this mode is also knows as 

global buckling mode, where the deformation is like a long wavelength that is equal to the length 

of the flat sandwich plate. This mode is also commonly called as asymmetric buckling mode. If 

there is a short-wavelength buckling mode in which core material is compressed or stretched the 

phenomena is called symmetric buckling mode.  

The overall sandwich panel deformation can be calculated and studied to determine the critical 

buckling load and different buckling modes to understand the phenomenon. The significant 

response is core stiffness an core shear strength and also the thickness and surface panel pay a 

key role in the analysis. 
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• Modal analysis is a typical starting point of dynamic analysis, it’s a most fundamental of 

all dynamic analysis type, essentially it looks for natural frequency of the structure. 

• This analysis helps us study the design response to various dynamic loads. 

• Every structure exhibits its own natural frequency in which we study them to understand 

and design within safe range to avoid resonance which could lead to failure of the 

component. 

• It helps us understand more complex behavior which leads to more complex dynamic 

simulations are based on natural frequencies. 

   Governing equation  

                    [M]{�̈�} + [C]{�̇�} + [K]{U} = {f(t)} 

• Typically, we remove the loads and damping which simplifies and becomes free and                                  

undamped vibration system. 

                                  [M]{�̈�} + [K]{U} = 0 

 

Figure 3.1 Modal of the buckling 
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• Buckling happens when compressive load is applied and also point of interest is studying 

the point of buckling. 

• Buckling is not due to inertial force, in fact its’ due to sudden change of its potential 

energy of the system into kinetic energy. 

• So the governing equation starts with just the stiffness equation. 

                                               [M] {�̈�} + [C]{�̇�} + [K]{U} = {f(t)} 

                                                                         [K]{U} 

• We use non-linear analysis because of static problem and being our objective of study. 

     when a load is applied the equations changes to [K]{U} –{F} ≠ 0 

• The results obtained are very accurate compared to linear analysis. 

• For out of plane deformation Gibson and Ashby have derived a formula for P𝑐𝑟 

                                             

P𝑐𝑟 = 
𝐾𝐸𝑠

(1−𝜈2)

𝑡3

𝑙
 

K = constraint factor, l= cell length and t = thickness of cell wall  
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When simply supported sandwich, panel is subjected to in-plane with compressive loads, and the 

buckling failure can occur. Buckling is characterized by a sudden out-of-plane deformation of 

the sandwich pane. Buckling may occur even when the applied in-plane loads  are well below the 

failure loads for the material out of which the sandwich structure is made. 

Buckling of the sandwich panel has many possible ways in which one mode, the face sheet 

layers and the core experience the same out-of-plane deformation this mode is known as global 

buckling mode.  In this the deformation is like a long wavelength that is equal to the length of the 

flat sandwich plate and the other mode of possible is short wavelength mode which is face-sheet 

and the core layer do not extend laterally to the thickness of the intermediate layer. This type is 

more common also called  an asymmetric buckling mode, and the other one where the core 

material is stretched or compressed is called  a symmetric buckling mode. 

 

 

Figure 3.2 Modal of the cell 
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Finite Element modeling of sandwich single-cell structures or panel have many approaches and 

can be used in different manner, but we narrow it to on kind depending on the panel geometry 

and material properties. The three main approaches are fully shell, shell/solid element and three-

dimensional solid element model. The buckling behavior of a sandwich panel depends on te 

sandwich panel geometry and material properties. It involves general instability mode and a local 

instability mode or both. The precise prediction of the overall buckling modes of a sandwich 

panel requires adequate representation of the sandwich stiffness and the prediction of wrinkling 

mode requires the thickness of the model. 

The first method helps us in shell finite elements. These modes are also conventional shell 

elements. The sandwich shells provide a good approximation of the global buckling and 

wrinkling behavior. 

The second method uses conventional shell finite element methods for the face sheet and solid 

three-dimensional finite element behavior. These models are conventional a used in 

SOLIDWORKS and ansys for the accuracy. 

The third method is full three-dimensional finite element mode, in which full solid elements are 

used to model both the face-sheets and the core material. The third approach is also known as 

full three-dimensional solid element models in Abaqus/CAE software. They are used where the 

models are carried and has no limit with computational cost. 
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• The honeycomb fails by uniaxial yield which is given by (𝜎𝑝𝑙)3
 = 𝜎𝑦𝑠(

𝜌∗

𝜌𝑠
) 

• Gibson and Ashby calculated that the plateau stress for the compressive strength is given 

by. 

                                                      (𝜎𝑝𝑙)3
 = 

𝜋

4
 𝜎𝑦𝑠 (

𝑡

𝑙
)2

(
ℎ

𝑙
+2)

(
ℎ

𝑙
+𝑠𝑖𝑛𝜃)𝑐𝑜𝑠𝜃

    

• For regular hexagon (𝜎𝑝𝑙)3
 ≈ 2 𝜎𝑦𝑠 (

𝑡

𝑙
)2  the exact calculation is (𝜎𝑝𝑙)3

 = 5.6 (
𝑡

𝑙
)

5

3 

 

 

 

 

Figure 3.4 Out-of-plane of honeycomb structure 
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Fig 3.3 Comparison of deformation vs cell length 

The graph explains more of the deformation of the sandwich structure based on the varying cell 

length and we observe that the deformation keeps increasing with the increase in load and the 

cell length play a significant role as we can see that the deformation is controlled and constrained 

with the cell length increase. The 10mm cell length has shown a significant tolerance to 

deformations and resistance to load carrying capacity. sss 

Since the cell wall length with the large length tend to absorb loading and would prevent the 

structure from buckling. The honeycomb structure has shown a significant decrease of the 

deformation with the increase in the cell length and it help us to understand the dynamics of the 

sandwich structures.  
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Fig 3.5 Comparison of the von-misses vs cell length. 

The von-mises stress of the honeycomb structure are shown in the fig which explains the stress 

for the various cell wall length and we can see from the graph the von-mises stress is higher for 

the 3mm and the least was seen for the 10mm cell wall length. We can make the conclusion that 

the higher the cell wall length we can see the more tolerant for the stress and they are more least 

susceptible to failure. 

The stress induced by the structure for each cell is different and the amount of stress for the 3mm 

cell length is the highest and the 10mm is the more stable and shows a greater resistance to the 

deformation. 
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Fig 3.6 Comparison of strain energy vs cell length 

The strain energy is nothing but the potential energy that is stored in a structure member as a 

result of elastic deformation, we use the determination of strain energy because to quantify the 

effect of residual stress on mechanical behavior. In the graph plotted we can clearly see that the 

highest strain energy is obtained by 3mm and the least is observed for 10mm. 

With the increase in the cell length the strain energy decreases and potential to store for the 

elastic deformation is greater and seen for 3mm cell length, for the application based 3mm is 

more suitable for the energy absorption. 
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Fig 3.7 Mode shape 1- 3mm                                                      Fig 3.8 Mode  shape 2  - 3mm 

 

 

                           

          Fig 3.9 Mode shape 3                                                                  Fig 3.10 Mode shape 4 
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    Fig 3.11 Mode shape 1 of 5mm                                                  Fig 3.12 Mode shape 2 of 5mm 

 

 

                                

     Fig 3.13 Mode shape 3 of 5mm                                                Fig 3.14 Mode shape 4 of 5 mm 
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    Fig 3.15 Mode shape 1 of 10mm                                             Fig 3.16 Mode shape 2 of 10mm 

 

 

                     

Fig 3.17 Mode shape 3 of 10mm                                              Fig 3.18 Mode shape 4 of 10mm 
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Fig 3.19 Mode vs cell length of various sizes. 

The modes are nothing but the frequencies of the cells under natural and we can see that the 

3mm cell has the increment of the frequencies for the first 5 nodes and the 5mm has slightly 

higher than the 3mm and which increases to certain amount and then remains constant and 

stable.  The effective orthotropic properties of  honeycomb core can be measured experimentally 

or predicted using analytical or using numerical models. The homogenization of the honeycomb 

core and determining the effective mechanical properties have been investigated and the node 

and frequency are evaluated to study the behavior of the cell under natural frequency. 

 

Cell Length  Mode1 (Hz) Mode 2 (Hz) Mode 3 (Hz) Mode 4(Hz) Mode 5 (Hz) 

3mm 11429 37272 43482 49211 52178 

5mm 16304 16639 36123 36814 37060 

10mm 10713 11608 14249 17210 17222 

Table. 3.20 Mode shapes and cell length 
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Fig 3.21 Graph showing cell angle vs energy per unit volume.  

The cell angle for the honeycomb structure plays an important role based on the application for 

the various structures. The cell angle is nothing but the angle between two adjacent walls of the 

structure and it can be varied, and the study or comparison is compared among the various cell 

geometry. We can see that 150 has the lowest energy per unit volume (MJ/𝑚3) and the cell angle 

600 has the highest energy per unit volume as the cell wall angle increases the energy per unit 

volume also increases and which helps the structure to be stable.  

Deformed and undeformed honeycombs that are observed under buckling and we can see that 

600 honeycomb develop much more bending than the 150 honeycomb and the rest of the 

inclines wall rotates around it.  The inclined walls they don’t behave as a rigid body undergoing 

pure rotation around the hinge. 
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Fig 3.22 graph plotted between stress and the strain 

 

Fig 3.23 graph plotted between global strain vs stress 
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Sandwich Honeycomb structures are nothing, but composite materials made up of two or more 

components, they have a core and face sheets, the core is at the center and the face sheets are 

placed one from the top and the other one at the bottom and then sandwiched together making a 

strong joint for various applications. The global strain of the first cell angle is more peak for the 

stress and there is a sudden decline. 
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Honeycomb sandwich panels are being used in various application starting from aerospace to 

medical devices and there are used in almost every structural material to reduce weight and 

increase the strength. Sandwich panels have become more and more common in different 

engineering structure, including aircraft. Compared to metal plates or composite laminates, the 

sandwich structure has interesting characteristics such as a high-energy absorption capacity and 

high flexural stiffness. 

Sandwich panel consists of a porous low-density core, honeycomb or foam and two stiff metal or 

composite faces. The sandwich panels usually absorb impact energy which uses two different 

mechanism, namely local crushing and global bending. In crushing mode, the low-density core 

under the point of impact is crushed mode, the low-density core under the point of impact is 

crushed to great extent and absorbs significant amounts of energy by plasticity of the walls. In 

the global bending mode, the whole structure bends and absorbs energy by plastic deformation of 

the structure. 

 Due to the relatively large distances of the faces, the moment of inertia of the sandwich panel is 

relatively high, which increases the flexural stiffness of the sandwich panel as well. High flexural 

stiffness of the whole sandwich panel and a high flexibility of its core material yield a high-

energy absorption capacity of the sandwich structure which is very suitable for high-energy 

impacts, such as bird strike. The core material must have increased shear strength to prevent 

relative sliding of the sandwich faces in a bending deformation. In addition, the core material 

must have some degrees of stiffness to ensure its flatness at its interfaces with the skins and to 

avoid wrinkling of the intact regions of the skins during an impact process. 

 

https://www.sciencedirect.com/topics/engineering/moment-of-inertia
https://www.sciencedirect.com/topics/engineering/bending-deformation


 
 

68 
 

Honeycomb structures with panel. 

 

Fig 3.24 Model of honeycomb 4x6 panel 3mm 

 

Fig 3.25 Equivalent stress of honeycomb 4x6 panel 3mm 

 

Fig 3.26 Total Deformation of honeycomb 4x6 panel 3mm 
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Fig 3.27 Model of honeycomb 4x6 panel 5mm 

 

Fig 3.28 Equivalent Stress of honeycomb 4x6 panel 5mm 

 

Fig 3.29 Total Deformation of honeycomb 4x6 panel 5mm 

 



 
 

70 
 

 

Fig 3.30 Model of honeycomb 4x6 panel of 10 mm 

 

Fig 3.31 Equivalent stress of 4x6 panel of 10mm 

 

Fig 3.32 Total Deformation of 4x6 panel of 10mm 
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Chapter 5  

Chiral Honeycomb structures 

Low-density cellular solids have demonstrated superior mechanical properties as well as 

multifunctional characteristics, which may provide different multifunctional characteristics, 

which may provide basis for the development of novel structured materials called as chiral 

shapes or chiral honeycomb structures. 

While the stochastic configurations such as metallic foams have proven to be more effective for 

both thermal and mechanical-energy absorption. The topology of deterministic architectures is 

not constrained by physical processes and tailored to simultaneously fulfill disparate tasks. This 

allows the variety of configuration and provide and new opportunities in the fields of structural 

dynamics, where periodically-inducted impedance leads to the control of both constructive and 

destructive interference on propagating waves. 

The objective of this work is to investigate the application of the chiral cellular topology for the 

design of novel macrostructural, mesostructured and microstructure. An important aspect of 

deterministic cellular configurations is the possibility of assembling materials or structures, by 

the spatial repetition of a unit cell. The resulting periodicity of such systems simplifies the 

characterization of physical properties. 

• Chiral shapes are man-made solids designed to exhibit negative Poisson's ratio. 

• In this presentation we are trying to emphasize more on the chiral shapes and study the 

behavior of the chiral lattice and its applications. 
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• Metallic foams and re-entrant cellular solids have contributed significant applications 

compared to conventional honeycomb and the properties have consistently shown 

dominating in stress resistant and the energy absorption. 

• Chiral/Auxetic materials have interest have a counterintuitive behavior under strain and 

enhanced strength, better acoustic behavior and improved fracture toughness.  

• This Auxetic honeycomb as core material in curved body not only showed out-of-plane 

properties to be superior in bending and also high stiffness. 

• The hexagonal honeycomb has the attribute of lattice with six-fold geometric symmetry 

in the plane, while the chirality has the topology of non-invariant to reflections. 

• Significant advancements in material science have established both the occurrence and 

the practicality of chiral shape solids. 
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Mechanics of Chiral honeycomb structures 

• The hexagonal chiral lattices in general consists of circular elements of radius r, which 

are connected by ribs or also called as ligaments of length L and the distance between 

each node is R, wall thickness is 𝑡𝑐. 

 

Fig 4.1 Mode of chiral shape 1 

 

Fig 4.2 Model of chiral shape 2 
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• Sinβ = 
2𝑟

𝑅
            tan β = 

2𝑟

𝐿
,        and         sin β = 

𝐿

𝑅
 

• The L/R ratio yields significantly depending on the geometry. 

• The geometry parameters remain same but the orientation is the only which differentiates 

the geometries. 

• The angle θ is always 30◦ which states the hexagonal chiral topology is invariant to in-

plane rotations by 2θ. 

• Since the influence of hexagonal symmetry of the mechanical behavior results in-plane 

isotropy. 

• The young’s modulus of hexagonal material is independent of the plane normal to the 

hexagonal symmetry axis  

• The chiral-core honeycombs are generally expected to transversally-isotropic 

components. 
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Fig 4.4 Orthotropic properties of honeycomb structure 

 

Fig 4.5 Loading characteristics of honeycomb structure 
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• The mechanical behavior of the hexagonal chiral lattice is strongly dependent upon the 

wall thickness of the lattice’s components, it also helps us to understand and study static 

and dynamic responses of chiral assemblies. 

• In general, relative density ꝭ̅  of two-phase composite is nothing but the volume occupied 

by one phase, in this case the walls of a unit cell, normalized by the sum of the volumes 

of the both phases. 

                                                            

                                               ꝭ̅ = 
ꝭ∗

ꝭ𝑠
  = 

2𝜋𝑟𝑡𝑐+6𝐿𝑡𝑏/2

𝑅2   

ꝭ ∗ = equivalent density of the lattice, ꝭ𝑠 is the constituent material. The wall thickness of the 

model 𝑡𝑐 and the        ligament thickness is given by 𝑡𝑏. 

• Negative Poisson's ratio materials exhibit very unique mechanical behavior, transversally 

expanding when stretched and transversally contracting when compressed and such 

materials are called auxetic. 
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In-Plane behavior: 

• chiral honeycomb has a strong influence on L/R ratio, the large global deformation within 

the elastic regime of the constituent material. 

• The assessment of in-plane mechanical properties is based on applying equilibrium of 

externally applied stresses with resulting internal forces on a unit cell. 

• Assuming the nodes to be perfectly rigid and neglecting shear and axial deformation. 

• Let’s say P, W and M are reactant forces applied in the transverse direction and W is 

reactant force applied in the longitudinal direction, M represents the moment. 

• The moment M is given by  

M𝑥 = 
𝑃𝐿𝑠𝑖𝑛(𝜃−𝛽)

2
 

X- direction of externally applied stress. 

• Since it’s a static equilibrium, W is Zero  

• No applied stresses in the y-direction. 
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Fig 4.6 In-Plane loading properties of honeycomb structure 

• The same deformation is applied for σ𝑦, resultant force P is zero since there is no applied 

stress in x-direction. M𝑦 =- 
𝑊𝐿𝑐𝑜𝑠(𝜃−𝛽)

2
 

• Quasi-static deformation is  

    𝑈𝑟𝑖𝑏 = 2∫ 𝑀(∅/∅

0
)d∅/ , due to the symmetry of the chiral 

    lattice with period 2𝜃 (600) 

• If bending deformation is considered, the relationship between  

    end reactant moments M and end rotations ∅ 

 ∅ = 
𝑀𝐿

6𝐸𝑠𝐼
  , I = 

𝑏𝑡𝑏
3

12
  

• ∈𝑥 = 
𝑟∅𝑐𝑜𝑠𝜃

𝑅𝑐𝑜𝑠𝜃
 , ∈𝑦 = 

𝑟∅𝑠𝑖𝑛𝜃

𝑅𝑠𝑖𝑛𝜃
 , Simplifying the strain equations give us  

• ∈𝑥 = ∈𝑦 = 
𝑟∅

𝑅
 , after applying the definitions for 𝜗𝑥𝑦 = 𝜗𝑦𝑥 = -  

∈𝑥

∈𝑦
 and -  

∈𝑦

∈𝑥
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•  𝜗𝑥𝑦 = 𝜗𝑦𝑥 = - 

𝑟∅

𝑅
𝑟∅

𝑅

 = -1             In-plane shear modulus is given by 𝐺𝑥𝑦 = 
𝐸𝑥

2(1+𝑉𝑥𝑦)
 

 

Fig 4.7 In-plane loading properties of honeycomb structure 

Out-of-plane deformation of chiral honeycomb structures. 

Auxetic Chiral Honeycomb: 

• The chiral cell geometries display the counter-intuitive of exhibiting negative Poisson’s 

ratio, that is when expanded laterally when stretched or pulled longitudinally. 

• Chiral structures display rotational, but not reflective symmetry, which means they 

cannot be superimposed upon mirror image. 

• The use of a combination of cylinders and ribs provides the possibility of partially 

decoupling the out-of-plane shear and compressive loading because the cylinders provide 

enhanced compressive strength, while the ligaments resist shear, enabling the tailoring of 

honeycomb sandwich cores to specific applications. 
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• Auxetic honeycomb structures are proposed because they display high in-plane shear 

stiffness and synclastic curvature, that is they form domes rather than having saddle 

structures.   

• Chiral honeycombs have a optimized mechanical and di-electric properties and in the 

adaptive or deployable structures. 

• These structures deform with an inherent handedness and undergo a rotative deformation 

under axial loading, and they rotate when loaded in compression or tension 

 

• To determine the out-of-plane properties of chiral honeycomb prior to that we have made 

some assumptions  

    the cell wall mainly f,g and h are included in the analysis, strain energy only accounts for 

shear deformation  

    and bending of walls is neglected. t/L is small and b/L is large. 

• Out-of-plane young’s modulus 𝐸𝑧 is estimated by considering stress-strain  

    relationship for an elastic continuum, loading in Z-direction the stress is  

    given by 𝜎 𝑧 = E 𝑧 ∈𝑧, the stress acting on the area occupied by unit cell 𝜎 𝑧 = P/A 

• P = E 𝑠 A 𝑤 ∈𝑧 = E 𝑠 (2πr + 3L)t ∈𝑧 ,A 𝑤  is the surface provided by the honeycomb 

    walls. 

• The resulting equivalent stiffness in the z-direction is then 
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E 𝑧

E 𝑠
 =   

2√3(2πr + 3L)t

3𝑅2   =  
𝜌∗

𝜌𝑠
 = �̅� 

•  The loaded Area A = 𝑅2cos𝜃 

                    

 

Fig 4.8 Orthotropic properties of honeycomb structure 
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Mesh independent study 

Mesh study is conducted for a single chiral shape and we haven chosen multiple mesh sizes and 

the values for the elements, nodes and stress vs deformation as tabulated and compared for the 

best optimizing and required for the simulation and the results are very accurate and the 

percentage of error was within the range. 

 

 

Fig 4.9 Mesh properties of chiral honeycomb structure 

 

Fig 4.10 Mesh table properties of honeycomb structure 
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• The mesh independent study was conducted for varying mesh sizes ranging from 0.5mm 

to 0.0078125 mm. 

• The elements and nodes are calculated for each mesh size and therefore tabulated to 

check is there any convergence. 

• Study shows that mesh size 0.03125mm and 0.015625mm has almost converges and the 

error percentage difference is also small. 

• Optimizing the right mesh size is important to run the analysis and make it reasonable. 

• The graph shows there is the convergence occurs at 0.03125 and 0.015625 mm. 

• Equivalent stress is 2367.4 and 2364.5 Pa and the error percentage is  

     below the expected range. 

• The increase in mesh size results in decrease of equivalent stress. 

• But the accuracy of results can be manipulated when the mesh size   is too big 

 

Fig 4.11 Mesh independent study of chiral structure 
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Auxetic chiral honeycomb 

                                        

Fig 4.12 Model of Auxetic                                             Fig 4.13 Equivalent stress of Auxetic  

 

Fig 4.14 Total deformation of Auxetic 

• The Auxetic Chiral Honeycomb is one of the chiral shapes used for the analysis and the 

ligaments or ribs are perpendicular to each other and connected to each other with the 

cylinder loads from 500Pa to 1500Pa are applied with intervals of 250Pa and the stress 

increases drastically but surprisingly we observed that the percentage of increase 

decreases drastically compared to 500Pa with 1250Pa from 16% to 5% with successive 

comparison, which shows the Auxetic chiral shape can tolerate loads and can resist 

buckling since the energy absorption is tremendously better than regular shape. 
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Anti-Chiral Honeycomb 

                            

Fig 4.15 Model of Anti-chiral                                           Fig 4.16 Equivalent stress of Anti-chiral  

 

Fig 4.17 Total deformation of Anti-Chiral 

• The Anti- Chiral Honeycomb is one of the chiral shapes used for the analysis and the 

ligaments or ribs are connected tangentially  

with the help of cylinders loads from 500Pa to 1500Pa are applied with intervals of 

250Pa and the stress increases drastically but surprisingly we observed that the 

percentage of increase decreases drastically compared to 500Pa with 1250Pa from 17% to 

5%, which shows the Anti- chiral shape can tolerate loads and can resist buckling since 

the energy absorption is tremendously better than conventional honeycomb. 
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Hexa-Chiral Honeycomb 

                                  

Fig 4.18 Model of Hexa-Chiral                                       Fig 4.19 Equivalent stress of Hexa-Chiral  

 

Fig 4.20 Equivalent stress of Hexa-Chiral 

• The Hexa- Chiral Honeycomb is one of the chiral shapes used for the analysis and the 

ligaments or ribs are diagonal to each other and connected to adjacent cylinder loads from 

500Pa to 1500Pa are applied with intervals of 250Pa and the stress increases drastically 

but surprisingly we observed that the percentage of increase decreases drastically 

compared to 500Pa with 1250Pa from 16.6% to 5%, which shows the Hexa-chiral shape 

can tolerate loads and can resist buckling since the energy absorption is tremendously 

better than conventional honeycomb. 
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Tetra-Chiral Honeycomb 

                                

Fig 4.21 Model of Tetra-Chiral                                  Fig 4.22 Equivalent stress of Tetra-Chiral

 

Fig 4.23 Equivalent stress of Tetra-Chiral 

• The Anti- Chiral Honeycomb is one of the chiral shapes used for the analysis and the 

ligaments or ribs are connected tangentially with the help of cylinders loads from 500Pa 

to 1500Pa are applied with intervals of 250Pa and the stress increases drastically but 

surprisingly we observed that the percentage of increase decreases drastically compared 

to 500Pa with 1250Pa from 17% to 5%, which shows the Anti- chiral shape can tolerate 

loads and can resist buckling since the energy absorption is tremendously better than 

conventional honeycomb. 
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Fig 4.24 Graph plotted between total deformation vs pressure 

 

• The comparison study was conducted for all the four chiral shapes and graph is plotted 

for the total deformation vs pressure and the results are compared with respect to each 

other on the behavior of the shapes on different loads and we do observe that Anti-tetra 

chiral honeycomb has the least deformation and the rest of the three shapes are bit close 

to each other and the difference is so small. 

• Anti-chiral honeycomb has the ribs connected tangentially with the other cylinders and 

they are perpendicular to each other which provides more strength and resistance to 

buckling. 
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Fig 4.25 Graph plotted between total deformation vs pressure 

• The comparison study was conducted for all the four chiral shapes and graph is plotted 

for the Equivalent stress vs pressure and the results are compared with respect to each 

other on the behavior of the shapes on different loads and we do observe that Anti-tetra 

chiral honeycomb has the same resistance as tetra-chiral honeycomb and the results show 

all the 4 chiral shapes show almost the same strength but the orientation of the ribs has 

definitely impact on the application based.  
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Modal Analysis: 

 

Fig 4.25 First mode of frequency under natural vibration. 

 

Fig 4.26 Second mode of frequency under natural vibration. 

 

Fig 4.27 Third mode of frequency under natural vibration. 
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Fig 4.28 Graph plotted between frequency vs Z-direction. 

 

The Modal analysis for the auxetic honeycomb structure has natural frequencies and the nodes 

and the values are tabulated and the deformation in the z-direction starts decreasing or the first 

three modes and the there is a constant value for the deformation for the mode 3 and 4. The last 

two modes have caused the deformation increase in the z-direction.  

The Auxetic honeycomb materials have a good stiffness, strength and light weight that is the 

reason why it is important to study the modes and deformation to know the dynamics and help us 

understand more on the structures. 
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Fig 4.29 First mode of frequency under natural vibration. 

 

 

Fig 4.30 Second mode of frequency under natural vibration. 

 

 

Fig 4.31 Third mode of frequency under natural vibration. 
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Fig 4.32 Graph plotted between frequency vs Z-direction. 

 

The Modal analysis for the auxetic honeycomb structure has natural frequencies and the nodes 

and the values are tabulated and the deformation in the z-direction starts decreasing or the first 

three modes and the there is a substantial increase for the mode  4. The last three modes have 

caused the deformation decrease in the Z-direction and for the mode 4 &5 the value increases 

first and then decreases. 

The Auxetic honeycomb materials have a good stiffness, strength and light weight that is the 

reason why it is important to study the modes and deformation to know the dynamics and help us 

understand more on the structures. 
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Fig 4.33 First mode of frequency under natural vibration. 

 

Fig 4.34 Second mode of frequency under natural vibration. 

 

Fig 4.35 Third mode of frequency under natural vibration. 
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Fig 4.36 Graph plotted between frequency vs Z-direction. 

 

The Modal analysis for the auxetic honeycomb structure has natural frequencies and the nodes 

and the values are tabulated and the deformation in the z-direction starts decreasing or the first 

second modes and the there is a sudden peak for the third mode and then increase in the third, 

fourth and fifth mode. 

The Auxetic honeycomb materials have a good stiffness, strength and light weight that is the 

reason why it is important to study the modes and deformation to know the dynamics and help us 

understand more on the structures. 
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Conclusion: 

 The research presented in this work investigates the various honeycomb structure with varying 

cell length and comparing the results and simulations are carried out with various loading 

conditions. Hexagonal has the responsible for isotropic mechanical behavior. The previous 

findings documented in the literature reported that the chiral lattice is characterizes by elastic 

properties and large-deformation capabilities, and a negative Poisson’s ration of -1 characteristic 

of auxetic materials.  

In plane properties are determined with a refined analysis based on previous studies of the 

lattice’s mechanical behavior, In-plane equivalent elastic constants are determined through 

existing analytical methods and numerical models with different structural topology. Specially 

young’s modulus and Poisson’s ratio indicate that the chiral lattice features in-plane isotropic 

behavior, confirming previously documented shows the materials has superior high stiffness, 

high strength. The shear modulus is however the chiral honeycomb structure show very higher 

than the regular hexagonal honeycomb.  

Large deformation are showed in the regular hexagonal honeycomb and the chiral shapes 

relatively shows lower stresses and deformation for the same amount of loading applied for all 

the shapes and the boundary conditions, since the chiral honeycomb has sharp edges and there is 

a high level of stress concentration at the edges with corners. Large deformation capabilities 

previously suggested in the deign of the truss-core airfoil for both passive and active-morphing 

applications. 
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The in-plane direction crushing of honeycomb and investigation of the effects on geometric 

parameters on the energy absorption provided, simulating the crushing of a single cell 

honeycomb is sufficient to generate the crushing behavior of honeycomb core with several rows 

and columns.  

With the increase in the angle increases, the deformation of the inclined walls are in the rigid 

form and the rotational around the plastic hinge and the decrease in the cell angle can cause the 

stress factor increase and the structure tend to failure, increase in the vertical cell thickness does 

not change the buckling behavior and the vertical wall thickness are reduced beyond a critical 

level, the failure mode changes from wrinkling. 

Core cell angle did not show any significant effect on the energy absorption. The varying stress 

reduction with varying cell length had more deformation on the vertical walls compared to the 

cells with smaller cell length, decreasing the vertical wall length increases the energy absorption. 

In fact, the total energy absorption for the cells with longer walls are greater compared to the 

ones with shorter vertical walls since the deformation of vertical walls is relatively higher. 

Increasing inclined wall thickness increases the specific energy absorption, the observation for 

the cell without faces-sheets. Increasing vertical wall thickness increases the SEA and increases 

the surface deformation. 
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