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1. Introduction 

Sandwich structure consisting of a core and clad-

ding has been used in various industries such as aerospace, 

shipbuilding, automotive industry. The core layer in most 

cases is thicker than the outer layer [1, 2]. Such a structure 

greatly varies its properties of conventional construction, 

among others, due to the anisotropy of stiffness. Both mate-

rials are in themselves strong and rigid, but the composite 

formed from them has much rigidity and strength. It has sev-

eral important features that are important in designing and 

developing in these industries. This structure is character-

ized by a relatively low weight in relation to mechanical 

properties [3]. By modifying the core and cladding may be 

some influence on these properties. An interesting feature is 

the ability to absorb and absorption characteristics in a wide 

range of frequencies from infrasound, vibration or mechan-

ical, to the acoustic vibration frequencies or tones. The 

structure also showed resistance to corrosion in the marine 

environment and heat resistance. In the aerospace industry 

and shipbuilding proved significant weight construction. 

The automotive industry has focused mainly on the proper-

ties described absorbent structure. It turns out to be useful 

for building security systems. 

Conducted a review of literature concerning the 

strength tests carried out on sandwich structures with differ-

ent types of core e.g. by the cells of the honeycomb. If you 

try to three-point bending it is most often carry up to break 

the sample in all layers. Scientists from China con-ducted 

the test of endurance on the structure of the corrugated core 

type [4]. During the test was interrupted so-called external 

coatings. skin. The core during operation forces underwent 

deformation, but not ripped up. After unloading the inner 

layer of the sample returned to a state similar to the one at 

the start of the study.  

2. Mechanics of cracking 

Mechanics of cracking is a field dealing with the 

description of phenomena occurring in the material in the 

vicinity of a sharp notch, i.e. at the apex of the fracture. Here 

the problem appears during experiment. Initial crack started 

in opposite side of acting force and propagates in different 

way. That issue has complicated in the initial models of in-

verse honeycomb structures without transition between 

cells. These phenomena can be reduced to three main issues 

[5, 6]: 

- concentration of stresses, 

- stress intensity 

- material resistance to crack initiation at the apex of 

the fracture. 

Stress concentration factor is defined as the ratio of 

stress induced in the bottom of the notch max
  to the nomi-

nal stress: 
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If one considers the gap in the form of an elliptical 

hole with a large axis 2a and a small axis 2b (Fig. 1), then 

the stress concentration factor is: 
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where: ρ is the radius of curvature at the ends of the ellipse. 

 
 

Fig. 1 The development of a gap in the material of the board 

with an internal notch in the shape of an ellipse – the 

state before the development of the crack [6] 

 

If you take extreme values for the dimensions of 

the elliptical axes, you will get: 

- for a circular hole (a = b): C = 3, 

- for infinitesimal curvature radius: C → ∞. 

In the latter case, when the coefficient C tends to 

infinity, determining it loses its meaning. That is why the 

so-called coefficient of stress intensity, which retains the fi-

nite value, even when C → ∞. This coefficient is denoted by 
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K. For the uniaxial tensioned axis along the axis perpendic-

ular to the fracture surface (as in Fig. 1) is defined as the 

limit to which the product of normal stress tends to the crack 

surface and the square root from the distance measured from 

the face of the slot multiplied by factor 2π [7]. 

The stress intensity factor depends on the size of 

the gap and the applied load, in other words - on the gap-

external load configuration and describes the stress field (as 

well as the displacement field) in the immediate vicinity of 

the slot front. In conditions where the nominal stress σ for a 

given gap length a reaches the value at which the develop-

ment of gap length development (crack initiation) takes 

place, the stress intensity factor reaches the critical value 

and is referred to as the KC symbol. It is particularly im-

portant for the testing of materials, as it is a measure of the 

material's resistance to cracking [6–8]. 

3. The models preparation 

Initially, the model adopted the classic honeycomb 

structure. Along with the subsequent numerical tests, based 

on the results obtained, some changes were introduced in the 

structure. Among other things, the thickness of the cell 

walls, the dimensions of the basic cell, and the building ma-

terial of the structure were modified [9]. 

Based on the literature review the changes to the 

cells overlap with the contour of the truss were proposed. In 

the place where the space should be filled with cells, it has 

a thicker wall. Due to the limitations imposed by the tech-

nology additive model can consist of a relatively large 

empty space. It is therefore proposed to fill in these cells 

hexagonal. They have for e.g. thinner wall. 

Here proposed that the parameters which are prone 

to change they are wall thickness and cell size. In the case 

of wall thickness variations in the contour of the grid cell 

will have a thicker wall than the other. When the cell size 

will be changed in place of stroke it occurs density smaller 

cells. In the areas of "empty" cells it will be less, as will be 

higher. In the first stage it was decided to examine the effect 

of wall thickness on the obtained results. The dimensions of 

the model, the approximate dimensions of the tested bone 

samples were 4x4x40mm. We adopted this assumption in 

order to facilitate comparison of the obtained results. Away 

from the base to the opposite side of the cube was 1 mm. 

This is an external dimension of a cell. At this stage, we 

adapted it to the outer dimensions of the model. Changes in 

internal dimensions – wall thickness – result in a decrease 

or increase the free space inside the cell. All it correlated to 

the value of 1 mm.  

The wall thickness was 0.4 mm maximum and a 

minimum of 0.05 mm. It decided to make changes in differ-

ent ways. The basic wall thickness is assumed to be 0.25. 

The initial model was uniform and the wall thickness of 

each cell is the same. Initially, the increased wall thick-ness 

situated on the outline of the grid and at the same time re-

duces the thickness of the cell walls outside contour. In a 

next step it was decided that the difference between the 

thickness and a second cell is not too high. For example, 

when the contour of the cell wall in the grid has a wall thick-

ness of 0.25 mm, a cell wall beyond the periphery is 0.2 mm 

[10]. 

Based on literature research and the obtained re-

sults of simulation of the numerical three-point bending test, 

changes in the geometry of the sample, and more specifi-

cally the empty spaces, were proposed. In the place of a 

rapid transition between the larger and smaller cells there 

were stress accumulation, as well as the direction of the 

crack propagation. They accumulated on combining two 

layers of cells. Combining it was also another layer of 

melted ABS material in the FDM 3D printing method. This 

change consisted of adding a transitional layer between the 

void layers. Simplifying it, you can compare it to a line con-

necting alternating cells of different dimensions at the right 

angle (Fig. 2). This angle depends on how large the differ-

ence in dimensions of opposed empty spaces is. 

 

 
 

Fig. 2 The example of a transition between cells 

 

The basic model with empty spaces was modelled 

so that changes in cell size introduced in one cell would au-

tomatically take place in the other cells. This significantly 

facilitated the introduction of changes and significantly re-

duced the time of modelling subsequent models. Therefore, 

modelling in the array was used. Due to the specificity of 

the base structure – honeycomb type – and bandwidth re-

shaping, it was impossible to model all cells with one pat-

tern. In the final version there are two rectangular construc-

tions in one larger formation. The same principle was 

adopted for models with a transition. Here, however, you 

had to watch whether the modelled transitions also change 

their size. In most cases, the program did not have problems 

with the command. However, it happened that for some un-

known reason the model crumbled. You had to manually 

change the size of more cells. 

Figs. 3 - 8 present a cross-section of models with a 

larger difference between cell dimensions (Fig. 3, 4, 6, 7) 

and with a smaller difference between dimensions of oppo-

site cells (Fig. 5, 8). 

There were prepared 28 models of which the initial 

one consisted of one layer. They were made for illustrative 

purposes. They checked how the structure with the proposed 

changes – the modeled "voids" – behaves. 

The next models had two layers, but they did not 

have milder transitions between the cells. The next modifi-

cation was the introduction to the models of transitions be-

tween layers of different cells. The last modification con-

cerned the rescaling of models in order to adapt them to the 

requirements of your 3D printer. 

 
 

Fig. 3 The cross-section of model with a larger difference 

between cell dimensions (model 10 a) 
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Fig. 4 The cross-section of model with a larger difference 

between cell dimensions (model 16 a)  

 
 

Fig. 5 The cross-section of model with a smaller difference 

between cell dimensions (model 23 a)  

 
 

Fig. 6 The section of model with a larger difference between 

cell dimensions (model 10 a)  

 
 

Fig. 7 The section of model with a larger difference between 

cell dimensions (model 16 a)  

 
 

Fig. 8 The section of model with a smaller difference be-

tween cell dimensions (model 23 a)  

4. The experimental research 

The experimental study was carried out on a MTS 

Insight 10 testing machine specially prepared for this study. 

The stand had to be adapted to the tested samples of small 

dimensions and forces used. The view of the measuring sta-

tion – the testing machine is shown in Fig. 7. 

 
 

Fig. 7 MTS Insight 10 testing machine prepared for testing 

 

The tests were carried out on samples made with 

the FDM rapid prototyping technique. Based on previous 

studies, the dimensions of numerical models were 

4x4x40mm. Therefore, the size of smaller and larger cells 

had to be small enough. Due to limitations imposed by the 

manufacturing technique, the samples had to be scaled. 

They were enlarged three times, which gave analogously 

12x12x120mm values. The head from standard to smaller 

has also been changed. Thanks to this change it was possible 

to create modeled samples on an available 3D printer – 

Prusa i3 MK2. The changes introduced in the numerical 

model, and due to the phenomenon of notch, were also ben-

eficial from the technological point of view. The printer has 

managed to produce earlier samples. However, we were not 

able to check the print quality at critical locations because 

they were inside the sample. Knowing the capabilities of a 

printer, we are able to say that it coped better with creating 

samples with a “transition”. An example of a sample created 

using 3D printing is shown in Fig. 8. In the case of a testing 

machine, testing on initial, smaller samples would not cause 
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major problems. Research on this type of samples has al-

ready been carried out before. 

 

 
 

Fig. 8 An example of a sample 

Table 1 

Selected parameters of the models 

Model 
Big cell, 

mm 

Small cell, 

mm 
Mass, g 

Volume, 

cm3 
Vm/V 

10a 2.1 0.9 14.384 13.570 0.785 

16a 2.4 0.9 13.395 12.637 0.731 

17a 2.4 1.2 12.857 12.129 0.702 

18a 2.4 1.5 12.192 11.502 0.666 

22a 1.8 0.9 15.246 14.383 0.832 

23a 1.8 1.2 14.731 13.897 0.804 

28a 0 0 18.317 17.28 1 

Vm – volume of sample with voids, V – volume of the full sample 

Six series of trials were carried out with five sam-

ples in each. They differed in the dimensions of smaller and 

larger cells. As a result, they had different volume and mass. 

Volume of empty samples was equated to the same but full 

sample. The values that were obtained are shown in Table 1. 

Depending on the type of the sample, there was another 

crack propagation (Fig. 9, 10). 

As a result of the tests carried out on the strength 

machine, the following average values presented in table 2 

were obtained for subsequent samples. Most of the samples 

did not break. Only in the case of 23 a sample series each 

was broken. In the case of these samples, the greatest force 

was observed, the mean displacement being the highest. 

 

 
 

Fig. 9 The crack propagation in sample 16 a 

 
 

Fig. 10 The crack propagation in sample 23 a 

Table 2 

The average values of load and deflection in experiment 

Model Peak Load, N Deflection, mm 

10a 248.575 5.04 

16a 151.257 3.58 

17a 155.093 3.78 

18a 155.735 4.46 

22a 288.895 4.16 

23a 312.047 4.92 

4. The numerical simulation 

In the next step numerical simulation of three-point 

bending test was performed. All numerically tested samples 

have the same dimensions as a previous tested samples pre-

pared from ABS. The samples with a length of 120 mm, a 

height of 12 mm and 12 mm wide were modeled for each 

experimentally tested models. The models prepared in CAD 

system were imported to MSC. Software and before mesh-

ing material parameters were assumed. For ABS assumed 

Young modulus equals 1600 MPa and Poisson’s ratio 0.38 

[11]. Boundary condition (support and load) assumed as 

typical during tree-point bending test (Fig. 11). The spacing 

of supports is 100 mm.  

 
 

Fig. 11 Boundary condition assumed during numerical sim-

ulation 

The acting force assumed as maximal force for 

each test respectively (Table 2). The selected results for 

models 10 a, 16 a and 23 a are presented in Figs. 12-20. 

Discretization of the models was carried out with 

tetrahedral elements of the Tet4 type with a linear shape 

function. The average distance between nodes was taken 

equal to 1mm. The developed models are composed of ap-

proximately 400,000 elements and have approximately 

120,000 degrees of freedom. 

Vertical displacements (Y), reduced stresses (von 

Mises) and normal stresses along the longitudinal axis of the 

sample (Z) were selected as representative results. There is 

only one picture presented vertical displacement (for 10a 

model) because the displacement distribution for all models 

is the same – the difference appears in values. 

The distribution of normal stresses presented in 

Figs. 19 and 20 (for the cross-section with the highest values 

of tensile and compressive stresses, respectively) well illus-

trates the mechanism of fracturing the samples observed in 

the experiment. In samples, a break (gap) always appears 

from the bottom in the section where the loading force (or 

in close proximity) is acting, where the largest holes are lo-

cated. In the vast majority of cases, the fracture does not 

pass through and with a sharp drop in force and a further 

increase in deflection, the upper compression zone is still 

not damaged and transfers loads. 

Although the obtained distributions and values of 

both reduced and normal stresses confirm the results ob-

tained in experimental studies, the displacement values ob-

tained in the numerical tests are slightly smaller (about 

20 %) than in the experiment. Probably the Young modulus 

based on the literature data does not correspond to the actual 

value obtained after the samples were made by incremental 

3D printing. This issue requires further research and the so-

called “tuning” of the model. 
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Fig. 12 Vertical displacement Y (in mm) for 10 a model 

 
 

Fig. 13 The reduced stresses (von Mises, in MPa) for 10 a 

model 

 
 

Fig. 14 The normal stresses (in MPa) for 10 a model 

 
 

Fig. 15 The reduced stresses (von Mises, in MPa) for 16 a 

model 

 
 

Fig. 16 The normal stresses (in MPa) for 16 a model 

 
 

Fig. 17 The reduced stresses (von Mises, in MPa) for 23 a 

model 

 
 

Fig. 18 The normal stresses (in MPa) for 23 a model 

 
 

Fig. 19 The normal stresses (in MPa) for 23 a model, cross-

section with the highest tensile stresses 

 
 

Fig. 20 The normal stresses (in MPa) for 23 a model, cross-

section with the highest compression stresses 

5. Conclusions 

The research carried out was aimed at developing 

a lightweight structure and at the same time durable. An ad-

ditional important limitation is the possibility of creating a 

structure in incremental 3D printing technology. 

The results obtained from numerical simulation 

well illustrates the mechanism of fracturing the samples ob-
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served in the experiment. However, the obtained distribu-

tions and values of stresses confirm the results obtained in 

experimental studies the deflection obtained in the numeri-

cal tests are smaller than in the experiment. It is observed 

that during manufacturing process the material properties 

change and may differ from those given for filament. This 

requires further research and "tuning" of the model. 
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M. John, A. John, W. Skarka 

THE INVERSE HONEYCOMB STRUCTURES IN 

NUMERICAL MODELING AND EXPERIMENT 

 

S u m m a r y 

 

Based on previous research, we proposed changes 

in the classic honeycomb structure. We have changed the 

approach to modeling. In a classic structure, cells are mod-

eled using the walls that form them. In the modified struc-

ture, the main modeled element is the hexagon-shaped void. 

The distribution of cells was proposed as in a truss. In full 

places the spaces were smaller and in empty places the cells 

were larger. We changed the size of cells and the transition 

between cells in different layers. 

In comparison to previous research, it was neces-

sary to enlarge the models. This was due to the limitations 

of incremental technology, which was used to fabricate sam-

ples – FDM. This technology introduced limitations of 

changes that the structure underwent. We selected several 

types of models as a result of the numerical simulation and 

produced. Then, experimental tests were carried out on them 

– the same as in numerical simulation. In the final stage, we 

compared the obtained results. 

Keywords: invers honeycomb structures, 3D printing, 

FDM, tree point bending test, numerical simulation. 
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