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FDM 3D printed honeycombs are investigated. A honeycomb 

is composed of regular hexagonal cells. A honeycomb is 3D 

printed so that the fused filament runs along the walls of its 

cells. We emphasize that the thickness of these walls is one or 

two times the thickness of the fused filament. When calculat-

ing the mechanical properties of a honeycomb, its walls are 

considered as a Euler-Bernoulli beam bending in one plane. 

To describe honeycombs, a homogenization procedure is 

used, which reduces a honeycomb to a homogeneous 

orthotropic medium. An adequate analytical calculation of 

the mechanical properties of this medium is the subject of our 

research. Analytical formulae for calculating the mechanical 

properties of honeycombs are presented. To assess the ade-

quacy of the calculation results, the analytical data are com-

pared with the results of simulation in the commercial ANSYS 

package. For this, the mechanical properties of the honey-

combs made of the ULTEM 9085 material are determined 

numerically. To assess these properties, from a large number 

of analytical formulae are selected those that predict them 

adequately. As a result of calculations, an analytical predic-

tion of all mechanical properties is obtained, with the excep-

tion of the in-plane shear modulus of a honeycomb. This is 

due to the fact that to simulate such a shear modulus one has 

to use a three-dimensional theory that does not have an ade-

quate analytical description. A thin aluminum honeycomb 

was considered. In the future, three-layer structures with 

such a honeycomb will be investigated. Analytical results for 

ULTEM 9085 and aluminum honeycombs are similar. 

Keywords: honeycomb, mechanical properties, orthotropic 

material, additive technology. 

Introduction 
Calculation of the mechanical properties of honeycombs is an extremely important fundamental prob-

lem, since they are widely used in aerospace engineering as elements of sandwich structures. Without their cal-

culation, it is impossible to design thin-walled sandwich structures. The main purpose of composite sandwich 

faceplates is to withstand flexural and axial loads. The main purpose of honeycombs is to maintain an adequate 

distance between the sandwich faceplates, which allows a sandwich to have high stiffness with low weight. 

Honeycombs are an integral part of thin-walled sandwich structures. To construct their deformation models, the 

mechanical properties of honeycombs are used. To determine these properties, three groups of approaches are 

used: analytical, numerical, and experimental. This article only deals with analytical calculation methods. 

Honeycombs are such that their shears contribute most to the potential energy of a structure. The 

first analytical formulae obtained for determining shear moduli are described in [1]. In this work, an analyti-

cal estimation of the shear moduli is compared with experimental data. In [2, 3], an approach is proposed for 

the analytical analysis of the in-plane mechanical properties of a honeycomb. Simple analytical formulae are 

obtained for calculating the indicated properties. In [4], relationships are derived for the analytical calcula-

tion of the out-of-plane shear moduli of a honeycomb. In [5], analytical relationships are obtained for the 

stiffnesses of honeycombs, on the assumption that the main load in a honeycombs is carried by membrane 

forces, and bending can be neglected. In [6], approaches are given for calculating shear moduli, with the help 

of periodic medium homogenization, by constructing asymptotic expansions. Mechanical properties of peri-

odic structures with a negative Poisson's ratio are investigated in [7]. Refined formulae for calculating the  
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nine constants of honeycombs are presented in [8]. In [9, 10], a review of 

the most reliable analytical relationships for calculating the mechanical 

properties of a periodic honeycomb-based structure is carried out. A re-

view of the relationships describing the analytical elastic properties of 

periodic honeycombs is presented in [11]. 

In this paper, the mechanical properties of FDM 3D printed honey-

combs are calculated using simple analytical relationships. The results of 

numerical simulation in the ANSYS software package are compared with 

analytical results. Analytical formulae are selected, which give calculation 

results that coincide with the results of numerical simulation. Static defor-

mation is analyzed; dynamic processes [12–14] are not considered here. 

Approach to Analytical Analysis 
A honeycomb is 3D printed so that the fused filament runs along 

the walls of its cells. We emphasize that the thickness of these walls is one 

or two times the thickness of the fused filament. The elastic properties of 

the walls in the longitudinal direction are described by the elastic modulus 

XEɶ  of the polymer material obtained using the FDM technology. When 

calculating the mechanical properties of a honeycomb, its walls are con-

sidered as beams bending in one plane. 

In the future, analytical formulae will be presented, which are 

used to calculate the mechanical properties of honeycombs. A sketch of 

a honeycomb is shown in Fig. 1. The geometric parameters of one hon-

eycomb cell are shown in figure 2. Consider a particular case of constant 

honeycomb-cell wall thickness t=t1=t2. The elastic modulus of a honey-

comb in the direction is determined as follows [15]: 

  

Fig. 1. Sketch of a honeycomb 

 

Fig. 2. Sketch of a honeycomb cell 
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When deriving the relationships for the mechanical properties of honeycombs (1–4), the bending, 

shear, and tension of their cell walls are taken into account. The simplest formulae for calculating these prop-

erties are published in [2]. In these formulae, only the classical bending of honeycombs is taken into account. 

The formulae can be obtained from (5–7) by discarding the terms that are unessential in such an analysis. 

Formulae (1–4) are valid in this particular case, and the correcting factors 121221
~,,, cckk  have the form 

 1~;
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1
1212121 =c=k=c=k
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The mechanical properties were calculated based on relationships (1–4), and the approach proposed 

in [10]. Let us consider the main results of this approach. Let us take into account the influence of Poisson's 

ratios on the deformation of honeycomb cell walls. Then the elastic constants are calculated as follows: 
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In [9], to determine the shear moduli G13, G23, the following relationships are used: 
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In [8], to determine the shear moduli 231312 ,, GGG , the following formulae were obtained 
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In [6], asymptotic procedures were used to homogenize the mechanical properties of honeycombs. 

As a result, analytical relationships were obtained for all mechanical properties. We used the following ana-

lytical relationships: 
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Analysis of Calculation Results 

In [16], the mechanical properties of ULTEM 9085 honeycombs were numerically determined. A 

general view of such a honeycomb is shown in Fig. 2. Its geometrical parameters are as follows: 

 h=l=6.34 mm; t1=t2=0.4 mm; b=10 mm; θ=30°. (20) 

The mechanical properties of the ULTEM 9085 material used for printing such a honeycomb were 

determined experimentally. This procedure is described in [17]. As follows from this work, ULTEM 9085 is 

an orthotropic polymer with the following mechanical properties relative to the material axes: 

EX=2.25 GPa;   EY=2.96 GPa;   EZ=2.41 GPa;              νXY=0.31;   νYZ=0.26;   νXZ=0.33;  

GXY=0.667 GPa;   GYZ=0.889 GPa;   GXZ=0.829 GPa. 

As is well known [5, 6, 11], a honeycomb is homogenized, turning into an homogeneous orthotropic 

medium. We calculated the mechanical properties, using numerical procedures, which are discussed in detail 

in [16]. The calculation results are presented in Table 1 (first row). The numerical results were compared 

with the analytical calculation results. Calculation results 0 (Table 1) were obtained from relationships (1–4), 

(8). The upper subrow shows the values of the calculated mechanical properties, the lower one – the relative 

error of the analytical calculation results in comparison with the numerical ones. As one can see from the 

table, the results given in the upper subrow are in poor agreement with the numerical ones for the mechanical 

properties. Therefore, we will refine the calculated analytical relationships. 

Now let us consider calculation results 1. These results were obtained from relationships (1–7), and 

are shown in the upper subrow. The lower subrow shows the relative differences between the calculations 

obtained analytically and numerically. One can see that the calculation results given in this subrow are closer 

to the numerical simulation results than calculation results 0. 

Now let us consider calculation results 2. They are obtained using relationships (9–14). The upper 

subrow shows the values of the mechanical properties, and the lower one, the relative difference between the 

results obtained numerically and analytically. The elastic moduli E1, E2, E3 obtained analytically are quite 

accurate. However, the parameters G12, G13, G23 were obtained inaccurately. Therefore, we will look for 

other analytical approaches to calculate these parameters. 

In the row with calculation 3 (Table 1) are shown the results of calculating the shear moduli of hon-

eycombs, based on relationships (15–17). As can be seen from the table, the results of calculating the elastic 

moduli G13, G23, obtained from the analytical formulae, are close to the numerical simulation results. The 

results of calculating the shear modulus G12 are far from the numerical simulation ones. 

To calculate all the shear moduli, analytical formulae (18, 19) are used. The results of these calcula-

tions are given in calculation 4 (Table 1). The calculation results of G13 and G23, obtained numerically and 

analytically, are close. The numerical and analytical results of calculating G12 differ significantly. 

So, all the mechanical properties of an ULTEM 9085 honeycomb (Table 1), obtained numerically 

and analytically, are close. An exception is the shear modulus G12. To determine it, the honeycomb is de-

formed so that it experiences a three-dimensional stress state. So far, it has not been possible to obtain a suf-

ficiently accurate analytical description of such a stress state. 

Table 1. Mechanical properties of ULTEM honeycombs  

Mechanical properties 
Calculation 

E1, MPa E2, MPa G12, MPa G13, MPa G23, MPa ν12 E3, MPa ν13 ν23 

Numerical  

simulation  
1.500 1.50 0.576 31.000 31.000 0.98 227 0.003 0.002 

1.330 1.33 0.332 – – 1.00 – – – 
0 

0.130 0.13 0.420 – – 0.02 – – – 

0.410 1.41 0.336 – – 0.98 – – – 
1 

0.060 0.06 0.416 – – 0 – – – 

1.540 1.53 0.366 25.800 30.500 – 227 0.002 0.002 
2 

0.027 0.02 0.360 0.160 0.160 – 0 0.330 0 

– – 0.409 32.200 32.200 – – – – 
3 

– – 0.290 0.070 0.070 – – – – 

– – 0.327 33.400 33.400 – – – – 
4 

– – 0.430 0.077 0.077 – – – – 
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Table 2. Mechanical properties of aluminum honeycombs  

Mechanical properties 
Calculation 

E1, MPa E2, MPa G12, MPa G13, MPa G23, MPa ν12 E3, MPa ν13 ν23 

Numerical 

simulation 
0.963 0.928 0.319 259.000 259.000 0.98 1810.00 1.92·10

-4
 1.92·10

-4
 

0.840 0.840 0.210 – – 1.00 – – – 
0 

0.120 0.090 0.340 – – 0.02 – – – 

0.858 0.858 0.211 – – 0.99 – – – 
1 

0.100 0.070 0.330 – – 0.01 – – – 

0.958 0.958 0.236 249.000 260.000 – 1750.00 1.80·10
-4

 1.80·10
-4

 
2 

0.005 0.030 0.260 0.038 0.004 – 0.03 0.06 0.06 

– – 0.262 263.000 263.000 – – – – 
3 

– – 0.170 0.015 0.015 – – – – 

– – 0.209 266.000 266.000 – – – – 
4 

– – 0.340 0.025 0.025 – – – – 

Let us consider a thin aluminum honeycomb. In the future, we will investigate three-layer structures 

with such a honeycomb. Its geometric properties (Fig. 2) are as follows: 

l=h=3.66 mm;   b=20 mm;   δ1=δ2=0.0635 mm;   θ=30°. 

The mechanical properties of the honeycomb material (aluminum) are as follows: 

E=70 GPa;   ν=0.33;   G=26.31 GPa. 

The results of the numerical and analytical calculations of the mechanical properties of honeycombs 

are given in Table 2. The description format for the results in Table 2 is similar to that in Table 1. The ana-

lytical and numerical calculation results for all the mechanical properties given in Table 2 are close, except 

for the shear modulus G12, which could not be predicted analytically with sufficient accuracy. 

Conclusions 
To calculate the mechanical properties of FDM 3D printed honeycombs, analytical formulae can be used. 

The results of such calculations are close to the numerical simulation results. The exception is the shear 

modulus G12, which can only be predicted numerically. It is recommended to use relationships (9–14) to calculate 

the mechanical properties E1, E2. It is proposed to use formulae (16–18) to calculate the shear moduli G13 and G23. 
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Аналітичний розрахунок механічних характеристик стільникових заповнювачів,  

які надруковано за допомогою адитивної технології FDM 

1 
К. В. Аврамов, 

1 
Б. В. Успенський, 

2 
І. І. Деревянко  

1 
Інститут проблем машинобудування ім. А. М. Підгорного НАН України,  

61046, Україна, м. Харків, вул. Пожарського, 2/10 

2
 Державне підприємство «Конструкторське бюро «Південне» ім. М.К. Янгеля»,  

49008, Україна, м. Дніпро, вул. Криворізька, 3 

Досліджено стільникові заповнювачі, надруковані за допомогою адитивних технологій FDM. Комірка 

стільникового заповнювача є правильним шестикутником. Стільники друкуються на 3D принтері так, що нитка 

друку йде уздовж стінки комірки стільника. Підкреслимо, що товщина стінок стільників складає одну–дві тов-

щини нитки. Під час розрахунку механічних характеристик стінки стільникового заповнювача розглядаються як 

балка Ейлера-Бернуллі, що згинається в одній площині. Для опису стільникових заповнювачів використовується 

процедура гомогенізації, яка зводить стільниковий заповнювач до однорідного ортотропного середовища. Адек-

ватний аналітичний розрахунок механічних характеристик такого середовища є предметом цих досліджень. 

Наведено аналітичні формули, за якими здійснюються розрахунки механічних характеристик стільникових запо-

внювачів. Для оцінки адекватності результатів аналітичні дані порівнюються з результатами моделювання в 

комерційному пакеті ANSYS. Для цього чисельно визначаються механічні характеристики стільникових заповню-

вачів з ULTEM 9085. Для оцінки механічних характеристик з великої кількості аналітичних формул вибираються 

ті, які адекватно описують механічні характеристики стільникових заповнювачів. В результаті розрахунків 

отримано аналітичний опис всіх механічних характеристик за винятком модуля зсуву в площині стільникового 

заповнювача. Це пояснюється тим, що для моделювання такого модуля зсуву доводиться використовувати три-

вимірну теорію, яка не має адекватного аналітичного опису. Розглянуто тонкий стільниковий заповнювач, виго-

товлений з алюмінію. Надалі будуть досліджуватися тришарові конструкції з таким стільниковим заповнюва-

чем. Результати аналітичного аналізу стільникових заповнювачів з ULTEM і алюмінію є близькими. 
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