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of regular cellular structures manufactured using 3D printing 
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Presented are selected experimental results concerning the 
analysis of the deformation process of regular cellular struc-
tures manufactured using 3D printing under quasi-static 
loading conditions. The various structural topologies were 
designed and manufactured using the FDM (fused deposition 
modelling) and then tested in a uniaxial compression test. 
The starting point for the development of individual variants 
of structures was the honeycomb topology. In order to ana-
lyse the influence of the structure material on the defor-
mation process, the samples were made from three 
commercially available materials: PC-10, ABSplus and Ny-
lon12. Based on the results, the influence of the shape of the 
single cell and the type of material used on the deformation 
of the structure as well as the value of the plastic defor-
mation energy were assessed. 
KEYWORDS: regular cellular structures, FDM technique, 3D 
printing, strength tests, energy absorption, honeycomb, re-
entrant honeycomb 
 

Additive manufacturing techniques, commonly known as 
3D printing, are among the significant technological 
advances of the last century. They shape the development 
of many key sectors of the economy, i.e. in automotive, 
aerospace, machines, tools and defense. Parts 
manufactured with additive technologies are also used in 
medicine, architecture, construction or industrial design. A 
wide spectrum of available manufacturing techniques in 
combination with a wide range of building materials allow to 
obtain specific mechanical properties of the manufactured 
objects. Fast prototyping techniques provide freedom of 
geometric design, making possible to obtain a shape that is 
often hard to manufacture using conventional methods [1-3]. 

Regular cellular structures are characterized by a 
topology with a repeating elementary cell. Because of that, it 
can be assumed that they exhibit isotropic or orthotopic 
mechanical properties [4]. In addition, they have a low 
relative density while maintaining high strength properties in 
comparison with the solid materials from which they are built 
[5]. Cellular materials are used as a controlled crushing 
areas in the constructions, vehicles or protective clothing  
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(e.g. helmets). They are also used as a filling of composite 
structures (sandwich), which show higher energy 
consumption than the solid materials with the same mass 
[6]. 

In this paper investigations on material and topology 
influence on the deformation and the ability to absorb 
deformation energy under quasi-static loading conditions 
were carried out. Structure samples were loaded with axial 
force in the in plane direction. For the needs of the research, 
rectangular structure samples were prepared and then 
manufactured with 3D printing technology, using the FDM 
method, from three polymeric materials: acrylonitrile-
butadiene-styrene (ABSplus), polycarbonate (PC-10) and 
polyamide (Nylon12). 

 
Characteristics of cellular material topology used in 
research 

 
There are many scientific publications concerning the 

development and testing the strength properties of regular 
2D cellular structures with honeycomb topology [5-8]. In this 
work, the authors focused on the comparison of the 
deformation process of the honeycomb structure and its 
derivatives. Fig. 1 shows the honeycomb structure (a) and 
its modifications (b, c). 

In order to compare the influence of the topology on its 
energy-absorbing properties, the ratio of the values of 
plastic strain energy Ep to the relative density ρr was taken 
into consideration. 

 

Fig. 1. Frontal profile of regular cellular structures with honeycomb-
like topology (a) and its modifications: b) re-entrant honeycomb 
(auxetic structure), c) rounded honeycomb 

 
At the initial stage of developing geometric models of 

structures in the CAD environment, the assumptions 
concerning the dimensions of the elementary cell, the 
thickness of its wall and the size of the sample were made. 
In order to ensure deformation process conditions in 
accordance with the guidelines presented in [9], it was 

https://doi.org/10.17814/mechanik.2018.3.41
http://www.mechanik.media.pl/miesiecznik/marzec-2018.html


⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ MECHANIK NR 3/2018 

assumed that the structure should consist of at least six 
elementary cells in both axes – X and Y. 

The modifications of the honeycomb structure shown in 
Fig. 1 are characterized by the differential shape of the 
elemental cell, which determines the value of its relative 
density. The relative density of a single cell of the analyzed 
structures is defined as follows: 

• cell of a cubic honeycomb (fig. 1a): 
 

𝜌𝑟 =
𝑡(2𝑅 + 𝑡)

(𝑅 + 𝑡)2
 

 
where: t - wall thickness, R - radius of a circle inscribed into 
a cell; the considered structure model contains 203 cells 
and is defined by the following parameters: t = 1 mm, R = 
2.6 mm, ρr = 0.30; 

 

• cell of an auxetic honeycomb (fig. 1b): 
 

𝜌𝑟 =
7𝑡2 + 16𝑅𝑡

6𝑅2 + 14𝑅𝑡 + 7𝑡2
 

 
– cell model was created as a result of the transformation of 
the honeycomb structure with the radius R = 2.6 mm of the 
circle inscribed in the cell; the considered structure model 
contains 188 cells, and its parameters are as follows: t = 1 
mm, ρr = 0.42 mm; 

 

• cell of a rounded honeycomb (fig. 1c): 
 

𝜌𝑟 =
𝜋(𝑅 + 𝑡)2 − 𝜋𝑅2

(𝑅 + 𝑡)2 [𝜋 − 3 (
𝛼

360
𝜋 −

sin𝛼

2
)] +

3𝑅2√3−2𝜋𝑅2

4

 

 

𝛼 = 𝑎𝑟𝑐𝑐𝑜𝑠 (1 −
𝑅2

2(𝑅 + 𝑡)2
) 

 
– cell model was created as a result of the transformation of 
the honeycomb structure and rounding the cell walls to 
obtain an internal curvature with a radius of R = 3 mm; the 
analyzed structure model contains 188 cells and has been 
characterized by the following parameters: t = 1 mm, ρr = 
0.32 mm. 

 
Characteristics of the process of producing regular cell 
structures 

 
For samples manufacturing the 3D Dimension SST 

1200es and Fortus 900mc (Stratasys Corp.) commercial fast 
prototyping machines were used. In comparison to 
commonly available low-cost 3D printers, the Dimension 
SST 1200es is characterized by a closed working area with 
an additional heating system, which ensures unchanged 
temperature conditions and limiting samles contraction 
during the process [9]. In turn, the Fortus 900mc printer is a 
professional industrial device that allows to use a wider 
range of materials compared to 3D Dimension SST 1200es 
printer. 

 
Methodology of experimental tests in quasi-static 
conditions 

 
The tests were carried out using a MTS Criterion C45 

machine. They were preceded by quasi-static tensile tests 
to determine the strength properties of base materials used 
for cellular structures under similar manufacturing 
conditions. For this purpose the normalized samples were 
prepared according to the ISO 527-2-1B standard. 

The results of the static tensile test are presented in the 
tab. I. 

 

TABLE I. The properties of the materials used to the 
manufacture of cellular structure samples (stratasys.com [10], 
experimental results - red) 
 

Material Density, g/mm2 Rm, MPa E, MPa A, % 

ABSplus 
(ABS) 

1,04 
31  

(22) 
2200 MPa 

6%  
(8%) 

Nylon12 
(PA) 

1,00 
46  

(37) 
1282 MPa 

30%  
(13,5%) 

PC-10 (PC) 1,20 
57  

(47) 
1944 MPa 

4,8 % 
(6,7%) 

 
Fig. 2 presents the force-displacement curves for the 

examined cellular structures, obtained for traverse speed of 
1 mm/s. As the main criterion for the structure assessment, 
the value of plastic strain energy obtained during sample 
compression was assumed at the level of 40%. 

Fig. 2a-b presents the test results obtained for the 
honeycomb structure - honeycomb (fig. 1a) – made of 
different the type of material. It can be noticed that in the 
first deformation stage, the slope of the force-displacement 
curve correlates with the Young's modulus values of 
individual materials, where ABS exhibits the highest 
elasticity (stiffness), while nylon - the smallest. The further 
stage of the deformation process is characterized by a 
sudden change in the value of force, which is the result of 
the progressive destruction of the structure. The number of 
peaks is directly related to the number of cell rows that 
collapse under loading. It is worth noting that the polyamide, 
with high ductility, exhibits gentle process of deformation 
compared to polycarbonate and ABS. Based on these 
observations, it can be assumed that the properties of the 
core material have a explicit influence on the deformation 
process of the honeycomb structure and together with the 
increase in the strength of the material, a higher energy 
absorption capacity of the plastic deformation is obtained. 

The second considered variant of the topology was the 
structure with auxetic properties - re-entrant honeycomb (fig. 
1b) - which shows a negative Poisson's ratio [11]. This 
structure (hexagon with two concave edges) is 
characterized by very high strength parameters at the first 
stage of deformation (fig. 2c). This effect results from the 
large number of elementary cells and the high relative 
density of the structure, which increases its stiffness. When 
the load exceeds the critical value, a rapid process of 
destruction of the cell row occurs, causing a sudden drop in 
strength. At the next stage of compression of the structures 
made of ABS and PA, the force-displacement curve is 
almost linear. This type of topology made from above 
mentioned materials is mainly deformed by bending, with no 
clear breaks in material cohesion. In case of polycarbonate 
(PC) the process of deformation progresses with high 
changes in force, which is determined by the brittle cracking 
of the sample. However, regardless of the second stage, the 
strength parameters of the core material still determine the 
nature of  the structure deformation. 

The results of the third variant of topology - rounded 
honeycomb (fig. 1c) – as in  the case of previous topologies, 
indicate that the stiffness of the structure is determined 
mainly by the strength of the material. However, the initial 
force peaks at which the plastic deformation occurs is 
comparable for all three materials. It may mean that not the 
tensile strength but the geometry of the structure is 
responsible for the further process of deformation. In the 
analyzed case, the tendency to brittle cracking of 
polycarbonate and ABS structures was confirmed. In the 
case of polyamide, characterized by greater ductility, the 
deformation process is characterized by smaller fluctuations 
of the force. Analyzing the values of the energy needed to 
deform the tested structures (tab. II), it can be stated that for 
all three materials they are similar. From this it follows that 
the structure topology is one of the key factors determining 
the ability of this structure to absorb deformation energy. 
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Honeycomb 
          a)           b) 

 
 

Re-entrant honeycomb 
          c)           d) 

 
 

Rounded honeycomb 
          e)           f) 

 
 

Fig. 2. Curves of deformation force (a, c, e) and plastic deformation 
energy (b, d, f) in a function of relative displacement of cellular 
structure in the uniaxial compression test for selected topologies: 
honeycomb; re-entrant honeycomb; rounded honeycomb 

 
TABLE II. Results of the energy absorption analysis with 
respect to the relative density for the 5% strain (in brackets, 
the deformation energy without ρr taken into account) 
 

 
ABSplus, 

J 
Nylon12, 

J 
PC-10, 

J 

Tensile sample (table I) 23,3 28,5 33,9 

Honeycomb (fig. 1a) 
72,9 

(21,87) 
66,4 

(19,91) 
97,7 

(29,3) 

Re-entrant honeycomb (fig. 
1b) 

52,3 
(22,0) 

96,6 
(40,6) 

152,9 
(64,2) 

Rounded honeycomb (fig. 1c) 
81,4 

(26,04) 
51,0 

(16,3) 
72,0 

(23,1) 

 

Conclusions 
 

On the basis of the presented results, it can be stated 
that the chosen technique of producing structures allows to 
quickly assess the energy absorption capacity depending on 
the topology of the structure. The use of three types of 
materials, significantly differing in mechanical properties, 
made it possible to formulate a conclusion (what was 

expected) that the strength properties of the material used 
for the structure manufacturing have a significant impact on 
the maximum value of deformation energy. However, it 
should be emphasized that the  topology is the dominant 
factor determining the process of structure deformation. 
Moreover, structures with auxetic properties exhibit small 
fluctuations in force, while other structures are being 
destroyed mainly as a result of breaking walls in the nodes 
of particular cell rows. In addition, it was confirmed that 
when selecting the structure material for absorbing the 
impact energy, one should look for a material with high 
ductility. Thanks to this, the destruction of the structure 
takes place by bending the walls, and hence, with smaller 
fluctuations in force (stress). 
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