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Abstract: Lattice structures have attracted a great deal of attention for being used in 
different industries due to unique properties such as high strength-to-weight ratio 
and high damping coefficient. These metamaterials might suffer from dimensional 
inaccuracies, i.e., variable strut’s diameter, wavy struts, micropores, and deviation 
from the designed cross-sectional area, which arise from the fabrication process. 
These inaccuracies can drastically affect their mechanical response. In this paper, 
the effects of different dimensional inaccuracies, including variable struts’ diameter, 
wavy struts, and material concentration at nodes, on the frequency response of 
different cellular lattice structures are studied. To do so, a finite element model is 
constructed using Timoshenko beam elements, and the natural frequencies are 
obtained for four different lattices. The obtained results show that, by increasing the 
average diameter, the natural frequency increases drastically, whereas by increasing 
the amount of variation in the struts’ diameter and waviness the natural frequency 
decreases by a small amount. It is also observed that the lattice structures whose 
main deformation mechanism is axial loading are more sensitive to the change of 
average struts’ diameter. In addition, the natural frequency increases as the 
concentration of material in the vicinity of the nodes increases. The effect of material 
concentration inaccuracy is more pronounced for the first lattice for which the 
number of struts meeting at one node is the smallest. 
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1 INTRODUCTION 

Cellular materials are a group of materials formed via 

the network connection of struts and plates in three-

dimensional space. These materials have special 

properties, including high energy absorption, high 

strength-to-weight ratio, low heat transfer (thermal 

insulation), low relative density, sound absorption, and 

low weight [1-2]. These materials can be divided into 

two categories including lattice structures and porous 

materials; i.e., the former has regular, whereas the latter 

has an irregular structure. As another categorization, a 

cellular material is called close-cell if the boundary 

between each cell and other cells is detectable, and it is 

called open-cell if the inter-cell boundary is not 

detectable. Since lattice structures have a regular 

structure, their mechanical properties are largely 

controllable.  

Due to their unique properties, these materials have vast 

applications in different industries such as medical, 

military, and aerospace [2-3]. Vibration of a mechanical 

system is a major factor leading to failure, which can 

have irreversible consequences and reduce its lifetime. 

In examining a system's vibrational response, the natural 

frequency is of utmost importance. The natural 

frequency of a system depends on the modulus of 

elasticity, material’s density, and its geometry. 

Accordingly, in order to change frequency, the geometry 

or the material from which the part is fabricated should 

be changed. Still, in most cases, it is impossible to 

change geometry due to practical constraints and 

limitations.  

Moreover, changing the material may not lead to optimal 

results when the material is a metal, because the elastic 

modulus-to-density ratio of most materials is almost 

identical. In this regard, the use of cellular materials, 

whose modulus of elasticity and density can be regulated 

and changed, is a good option. Also, when the human 

body is under the effect of a system's vibrations, it may 

sustain serious injuries in the joints and nervous and 

cardiovascular systems. Thus, reduction of the range of 

vibrations imposed on the riders in a vehicle can be of 

utmost importance [1]. Lattice structures are good 

choices for reducing the transferred vibrations, and thus 

their examination is crucial.  

To assess the performance of lattice structures in 

vibrating systems, several experimental [5], [6], [9-11] 

and numerical [4], [7], [8] studies have been performed. 

DiTaranto studied the free vibrations of composite 

sandwich beams using the classic beam theory [4]. To 

do so, he assumed that the surface of the sandwich beam 

deforms based on the Euler–Bernoulli beam theory, 

whereas their core deforms only in shear. This model 

was used by researchers for a long time.  

 

Kim and Hwang studied the effect of deboning on the 

flexural strength, natural frequency, and frequency 

response of honeycomb sandwich structures with 

different lengths numerically and experimentally [5]. 

They found that as deboning increases, the natural 

frequency decreases. Lou et al.  examined the free 

vibration of a stainless-steel sandwich structure with a 

pyramidal truss core under simply supported boundary 

conditions, and studied the effects of changing the 

length, diameter, and gravity angle of the truss’s struts 

on the frequency response [6]. Xu and Qiu proposed a 

novel method and examined the free vibration of 

composite lattice truss core sandwich beams, and 

examined the effects of material and geometric 

parameters on natural frequency [7]. Niu et al. Studied 

the main frequency of cellular materials and, 

accordingly, proposed an optimal fabrication design for 

these materials under the influence of vibrations [8]. By 

studying two solid and almost-solid structures, Azmi et 

al. [9] investigated the effect of the strength of the part 

produced by the 3D printer on the vibration properties of 

the lattice structure. Their findings show that the higher 

the strength of the part, the higher the frequency 

becomes. Using a new approach, Andresen et al. [10] 

studied the effect of structural irregularities on the value 

of the first frequency of a structure without any change 

in weight or stiffness. This work was formed by 

simulating the desired model, numerically and 

experimentally. Braun et al. simulated a beam model and 

a solid model of a sandwich structure filled with BCC 

and BCCZ structures, and compared the natural 

frequencies of these two structures [11]. Using a new 

method, Monkova et al. investigated the effect of cell 

thickness on the damping properties of BCC lattice 

structure made of ABS plastic [12]. The obtained results 

show that the stiffness and frequency increase with 

increasing cell thickness. Wang et al. used 3D printing 

to fabricate cellular structures with variable density. 

They then optimized the internal topology of these 

structures in order to maximize the fundamental 

frequency [13]. 

Cellular lattice structures are mainly fabricated by 

additive manufacturing (AM) and suffer from some 

dimensional inaccuracies, i.e., variable strut’s diameter, 

wavy struts, micropores, and deviation from the 

designed cross-sectional area. These inaccuracies can 

drastically affect their mechanical response [14]. To the 

best knowledge of the authors, the effects of these 

inaccuracies on the frequency response of cellular 

lattices have not been investigated. In this paper, a finite 

element model, based on Timoshenko beam elements, is 

developed to study the effects of struts variable cross-

sectional area, struts’ waviness, and material 

concentration at the vicinity of vertices on the natural 

frequencies of different cellular lattice structures. 
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2 FINITE ELEMENT MODELING 

In this section, first, the proposed beam finite element 

model, for taking the dimensional inaccuracies into 

account, is briefly introduced. Then the utilized 

boundary conditions and frequency analysis approach 

are explained. 

2.1. Geometrical Modelling 

Figure 1 shows a schematic view of the unit cells 

corresponding to the lattice structures used for the 

current study, named as Model 1 to Model 4. These four 

structures are chosen because of the existence of 

diagonal, horizontal, and perpendicular struts which 

makes the examination of the effect of struts’ orientation 

and deformation mechanisms possible. 

 

  
(b) (a) 

  

(d) (c) 

Fig. 1  A schematic representation of the unit cell 

corresponding to the lattice structure of: (a): Model 1, (b): 

Model 2, (c): Model 3, and (d): Model 4. 

 
In order to construct the finite element model of the 

lattice structures, a Python program is developed as the 

input for Abaqus finite element package. The program 

gets the vertices of the lattice and their connections and 

constructs a wire frame of the lattice. As mentioned 

earlier, in this paper, three types of dimensional 

inaccuracies, including variable struts’ diameter, wavy 

struts, and material concentration at the vicinity of 

vertices are taken into account. To do so, each strut is 

divided into N sections, each of which has a randomly 

assigned radius presented by “Eq. (1)”, reflecting the 

variable struts’ diameter. 

 

vari av iR R R                                                       (1) 

 

In which, 𝑅𝑖 is the i-th section’s radius, 𝑅𝑎𝑣 is the struts’ 

average diameter, 𝛼𝑖 is a random real number between -

1 and 1, and 𝑅𝑣𝑎𝑟 is the maximum value of the struts’ 

diameter variation. 

To produce wavy struts, the nodes, connecting two 

sections of each strut, are moved to a random position 

within a circle with the radius of 𝛿 located in a plane 

passing through that node and with a normal of the 

original strut, as shown in “Fig. 2”. Note that all the 

vertices located on the top and bottom faces of the 

lattices are remained at their initial position for the sake 

of applying boundary conditions. Figures 3(a) and (b) 

show the variable struts’ diameter and wavy struts, 

respectively. 

 

 

Fig. 2 Schematic representation of how the wavy strut 

inaccuracy is implemented in the model. 

 

  

(b) (a) 

 
(c) 

Fig. 3 A schematic view of the dimensional inaccuracies 

that are taken into account: (a): variable strut’s diameter, (b): 

wavy strut, and (c): material concentration at the vicinity of 

vertices. 

 

When a lattice structure is fabricated using additive 

manufacturing technology, some extra material is 

concentrated at the vertices, where more than two struts 

meet.  
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To take this inaccuracy into account, a sphere with the 

radius of 20 percent of struts’ length and the center of 

each node is considered, and the radius of that portion of 

the strut, 𝑅𝑟𝑖𝑛, which is located in this sphere, is 

considered to be 20 percent larger than the average 

radius of that strut. Figure 3(c) shows this type of 

dimensional inaccuracy. This approach was previously 

used by several authors providing good results [15-17]. 

The preliminary model's cell size and its struts’ average 

diameter are considered to be 25 mm and 1.5 mm, 

respectively. Subsequently, a surface with a thickness of 

2 mm is constructed and connected to the structure on 

the top and bottom faces. This plane is added in order to 

simulate the real structure found in the literature [18].  
 

 

 

(b) (a) 

Fig. 4 Schematic representation of the wavy strut 

inaccuracy applied to Model 1: (a): non-defected lattice, and 

(b): defected lattice. 

 

 

 

(b) (a) 

Fig. 5 Schematic representation of the wavy strut 

inaccuracy applied to Model 2: (a): non-defected lattice, and 

(b): defected lattice. 

 

 
 

(b) (a) 
Fig. 6 Schematic representation of the wavy strut 

inaccuracy applied to Model 3: (a): non-defected lattice, and 

(b): defected lattice. 

 

Figures 4–7 show an overview of the accurate beam 

model and the corresponding beam model with wavy 

struts inaccuracy for Model 1 to Model 4 containing 

222 unit cells. 

 

  

(b) (a) 

Fig. 7 A schematic representation of the wavy strut 

inaccuracy applied to Model 4: (a): non-defected lattice, and 

(b): defected lattice 

2.2. Boundary Conditions 

Since the main purpose of this paper is to examine the 

effect of dimensional inaccuracies on the value of 

natural frequency, only one boundary condition is 

assumed for all the studied structures. Here, it is 

supposed that the bottom face of the lattices is clamped, 

so that all translational and rotational degrees of freedom 

are constrained, i.e: 

 

0x y z x y zu u u                                      (2) 

 

Where. 𝑢𝑖 is the translational degree of freedom, 𝜃𝑖 is 

the rotational degree of freedom and 𝑖 stands for x, y, 

and z directions. 

2.3. Frequency analysis 
In this paper, the subspace frequency analysis method is 

used, which is performed by specifying the number of 

requested modes, i.e., the first 2 modes of each structure 

are requested. 

3 RESULT 

In this section, first, a comparison is made between the 

beam model, solid models and the experimental results 

reported previously in the literature [18]. Then, in order 

to assess the effects of dimensional inaccuracies, the 

value of fundamental frequency of each structure is 

presented, considering different types of inaccuracies, 

and the obtained results are discussed. 

All the lattices are supposed to be fabricated from LPBF 

Nylon-12. The physical properties that are required for 

the simulation of frequency response are presented in 

“Table 1” [18]. 
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Table 1 Mechanical properties of polymer [18] 

Parameter Value Unit 

Elastic Modulus (E) 741 Mpa 

Density (ρ) 1010 3Kg/m 

Poisson’s Ratio (υ) 0.3 – 

 

As mentioned in section 2.1, to introduce the 

dimensional inaccuracies into the beam finite element 

model, the struts are equally divided into N sections. 

Here, the value of the number of strut’s sections, N, is 

supposed to be 10 for all the simulations. Then, each 

section is meshed using three-node Timoshenko beam 

elements, which is available as B32 in ABAQUS finite 

element package. A mesh sensitivity analysis is 

performed to be sure that an appropriate element size is 

chosen. To do so, as shown in “Fig. 8”, considering the 

largest possible value for the initial guess of the size of 

elements, the element size is reduced by a factor of 0.5 

until the amount of the change on the first natural 

frequency between two consecutive steps gets smaller 

than 10 percent. Using this approach, the mesh size of 

1.5 mm is obtained and is utilized for all the simulations 

in this paper. 

 

 

Fig. 8 Mesh sensitivity analysis for Model 1. 

 
Due to the random nature of the proposed approach, the 

obtained results might be different from those obtained 

using the same geometric parameters. Accordingly, for 

each random model, the simulation is repeated 15 times 

and the average value of the fundamental frequency is 

reported. 

3.1. Model Validation 
In order to validate the utilized beam model, the first 

natural frequency obtained using the beam model is 

compared against that obtained using solid finite 

element model and the experimentally obtained one 

presented in the literature [18]. Note that the lattices are 

supposed to be completely perfect so that no 

inaccuracies are included. In addition, the solid finite 

element model of the lattices is meshed using 10-node 

quadratic tetrahedron elements, denoted as C3D10 in 

ABAQUS. After performing the mesh sensitivity 

analysis, the mesh size of 0.5 mm is obtained. 

In “Table 2”, the fundamental natural frequency 

obtained using the beam model is compared with that 

obtained using the solid model and the experimentally 

reported one.  

 
Table 2 The first natural frequencies obtained using solid and 

beam finite element models 

Model 

No. 

Solid model 

(Hz) 

Beam model 

(Hz) 

(error %) 

Experimental 

Result (Hz) 

[16] 

1 56 54.3(3.1%) 50 

2 271.6 254.1(6.8%) – 

3 180 216.5(16.8%) – 

4 317.8 331.7(4.1%) – 

 

As can be seen, the prediction of the beam model is in a 

good agreement with the experimental one for Model 1, 

showing about 8.6 percent difference. The difference of 

the first natural frequency between solid and beam 

models is respectively 3.1, 6.8, 16.8, and 4.1 percent for 

Model 1, Model 2, Model 3, and Model 4. As can be 

seen, the discrepancy between the obtained results using 

beam and solid models is different for Model 1-4. This 

observation is associated with the main deformation 

mechanism of the lattices, which causes that the lattices’ 

struts experience different loadings. Considering 𝑠 as the 

number of struts, and 𝑣 as the number of vertices, the 

Maxwell number can be formulated as [10]: 

 

3 6M s v                                                            (3) 

 

Using Equation (3), the Maxwell number of the lattices 

is respectively -13, -17, -9, -13. When the Maxwell 

number increases, the main deformation mechanism 

tends to axial one. As can be seen, the maximum 

discrepancy is associated with Model 3 whose Maxwell 

number is the highest. However, beside the Maxwell 

number, the deformation mechanism is related to the 

orientation of the struts which might change the 

deformation mechanism of the lattices, i.e., the second 

highest discrepancy is related to Model 2, which has 

vertical struts.  

3.2. The Effects of Dimensional Inaccuracies on the 

Fundamental Natural Frequency 
As mentioned earlier, when a cellular lattice structure, 

specially strut based ones, is fabricated using additive 

manufacturing technology, several dimensional 

inaccuracies might form during the process. These 

inaccuracies can drastically affect the mechanical 

response of the final lattice. These inaccuracies can be 

categorized into three major groups, including 

dimensional inaccuracies, surface inaccuracies and 
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porosity [17]. In this paper, the former one is taken into 

account. To do so, the dimensional inaccuracies are 

introduced into the model and the obtained fundamental 

natural frequency is compared with the first natural 

frequency of the lattice with no inaccuracies. In this 

section, first, the effects of variation of struts’ diameter 

are investigated. Then wavy struts inaccuracy is 

assessed. Finally, the effects of material concentration at 

the nodes are studied. 

3.2.1. Effects of Variable Struts’ Diameter on The 

First Natural Frequency 
It has been shown [19-21] that the struts’ diameter of 

cellular lattice structures varies along their length, where 

the average value of the diameter is smaller and larger 

than the designed value for vertical and horizontal struts, 

respectively. Table 3 shows all the cases which are 

considered for studying the effects of struts’ diameter 

variation. As can be seen, no inaccuracies are included 

in the first case. The designed struts’ diameter is 

supposed to be 0.75 mm. However, due to experimental 

observations, in inaccurate models, the average value of 

struts’ diameter is increased and decreased by 20 percent 

for diagonal and vertical struts, respectively. Note that 

the value of 𝑅𝑟𝑖𝑛 is supposed to be equal to the value of 

the average radius, so that the effect of material 

concentration in the vicinity of nodes is not included. 
 
Table 3 Different cases considered for studying the effects 

of variation in struts’ diameter 

Case 

No. 
𝑅𝑎𝑣 

(mm)  

𝑅𝑣𝑎𝑟 

(mm)  

𝛿 

(mm) 
Details 

1 0.75 0 0  

2 0.75 0.15 0  

3 0.9 0 0  

4 
0.9 0.18 0 Diagonal struts 

0.9 0 0 Other struts 

5 
0.9 0 0 

Diagonal and 

horizontal struts 

0.9 0.18 0 Vertical struts 

6 
0.9 0 0 

Diagonal and 

horizontal struts 

0.6 0.12 0 Vertical struts 

7 
0.9 0.18 0 

Diagonal and 

horizontal struts 

0.6 0.12 0 Vertical struts 

 

Figure 9 shows the fundamental natural frequency of the 

cases introduced in “Table 3” for all the lattice structures 

illustrated in “Fig. 2”.  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 9 Effects of variable struts’ diameter on the first 

natural frequency for: (a): Model 1, (b): Model 2, (c): Model 

3, and (d): Model 4. 
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For Model 1, since all the struts are diagonal with the 

same orientation, cases 3, 5, and 6 as well as cases 4 and 

7 are identical. Comparing the cases 1 and 3 shows that 

increasing the value of the average struts’ diameter by a 

factor of 1.2, increases the value of fundamental 

frequency by a factor of 1.394, 1.154, 1.168, and 1.143 

for Model 1 to Model 4, respectively. It means that the 

dimensional inaccuracies associated with the additive 

manufacturing technology can drastically affect the 

natural frequency of strut-based cellular lattice 

structures. However, these changes are more 

pronounced for the structures with the lower values of 

fundamental frequency which means that the stiffer the 

structure is the lower the effects of dimensional 

accuracies would be. A comparison between cases 3 and 

6 for Model 2 and 4 supports this claim too. As can be 

seen, when the dimensional inaccuracy is applied on the 

horizontal struts, i.e., the average struts’ diameter is 

decreased by a factor of 0.8, the fundamental frequency 

decreases 22.6 and 18.3 percent for Model 2 and Model 

4, respectively. Again, this reduction is smaller for 

Model 4 in comparison with Model 2. When the struts’ 

diameter variation inaccuracy is taken into account, i.e., 

cases 2, 4, and 5, the maximum change of the 

fundamental natural frequency is about 2.1 percent 

which is obtained by comparing cases 3 and 4 for Model 

1. This observation shows that struts’ diameter variation 

inaccuracy has a negligible effect on the natural 

frequency of the lattice structures. 

As discussed in section 3.1, based on the Maxwell 

number, the main deformation mechanism of all the 

lattices presented in this paper is bending. However, for 

Model 2 and 4, the existence of vertical struts shifts the 

deformation mechanism toward axial loading. It means 

that Model 2 and 4 are stiffer than Model 1 and 3 so that 

the predicted natural frequency of the former lattices is 

higher than that of the latter ones. When the average strut 

diameter increases (decreases) the stiffness of the 

lattices increases (decreases). However, because of the 

axial loading as the main deformation mechanism, the 
increscent of stiffness for Models 2 and 4 is more 

pronounced than Models 1 and 3. Accordingly, the 

natural frequency of Models 2 and 4 is more sensitive to 

the change of average strut diameter than Models 1 and 

3. When the struts’ diameter variation is taken into 

account, the stiffness might decrease slightly. However, 

since the struts’ diameter varies around the average 

diameter, the mass does not change pronouncedly. 

Therefore, the fundamental frequency of the lattices 

decreases slightly too. 

3.2.2. Effects of Wavy Struts on First Natural 

Frequency 
In order to investigate the effects of struts’ waviness 

inaccuracy on the fundamental natural frequency of the 

discussed lattices, a value of 20 percent of the struts’ 

radius is assigned to 𝛿 parameter. Accordingly, the 

utilized parameters are as 𝑅𝑎𝑣 = 0.75 mm, 𝑅𝑣𝑎𝑟 = 0 , 
and 𝛿 = 0.15 mm. Considering this case as case 8, the 

results are compared to the fundamental frequency of 

case 1 and presented in “Fig. 10”. As can be observed, 

the wavy strut inaccuracy does not have a pronounced 

effect on the natural frequency of the lattices. By 

applying the wavy struts inaccuracy, the natural 

frequency reduces by 0.2, 1.6, 2.4, and 1.9 percent for 

Model 1 to Model 4, respectively. 

 

 
(a) 

 
(b) 

 
(c) 
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(d) 

Fig. 10 Effect of wavy struts on the first natural frequency 

for: (a): Model 1, (b): Model 2, (c): Model 3, and (d): Model 

4. 

 

3.2.3. Effect of Material Concentration in The 

Vicinity of Nodes  

To investigate the effects of material concentration in the 

vicinity of nodes on the fundamental frequency of the 

discussed lattices, 𝑅𝑟𝑖𝑛 is increased 20 percent (case 9) 

and the obtained results are compared with the first case. 

Accordingly, the geometrical parameters used for the 

simulations are 𝑅𝑟𝑖𝑛 = 0.9 mm, 𝑅𝑎𝑣 = 0.75 mm, 

𝑅𝑣𝑎𝑟 = 0 mm and 𝛿 = 0.0 mm. As shown in “Fig. 

11”, as the amount of Rrin increases, the fundamental 

natural frequency increases.  

This increase is about 26 percent for Model 1, about 5 

percent for Models 2 and 3, and about 4 percent for 

Model 4. It can be seen; the effect of this inaccuracy is 

more pronounced for Model 1. The reason behind this 

observation is that as the number of struts meeting at one 

node decreases, the stiffness of the lattice as well as the 

natural frequency increases more rapidly by material 

concentration. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 11 Effect of material concentration in the vicinity of 

nodes on the first natural frequency for: (a): Model 1, (b): 

Model 2, (c): Model 3, and (d): Model 4. 

4 CONCLUSIONS 

This paper deals with the effects of dimensional 

inaccuracies, associated with additive manufacturing 

fabrication approach, on the natural frequency of 

different lattice structures. To do so, a beam finite 

element model is constructed and three types of 
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inaccuracies, including variable struts’ diameter, wavy 

struts, and material concentration at nodes, are taken into 

account. The obtained results showed that the natural 

frequency increases by increasing the average struts’ 

diameter. In addition, the effects of average struts’ 

diameter are more pronounced for the stiffer lattices. It 

is also observed that struts’ diameter variation and wavy 

struts inaccuracies have negligible effect on the natural 

frequency of all the studied lattices structures. However, 

the effects of material concentration at the vicinity of 

nodes are noticeable for the first lattice for which the 

struts meeting at one node is the smallest. 
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