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Abstract 
A cooperation project with the Bundeswehr Technical Center 
for Weapons and Ammunition (WTD-91) is about the 
acoustic camouflage of military vehicles. Thus, the properties 
of active and passive damping materials are investigated. 
Passive acoustic metamaterials (PAMM) have the possibility 
to create stop bands of sound transmission within determined 
frequency ranges. In this contribution, PAMM with face 
centered cubic (FCC) lattice structure are realized by 
Computer Aided Design (CAD) and investigated simulatively 
by the Finite Element Method (FEM).  

Procedure of CAD 
The PAMM with FCC lattice structure is referred to the 
microstructure of aluminum, which has lightweight, ductile 
and stable properties [1]. The periodic lattice structure is 
characterized by assembling multiple unit cells of same kind. 
In Figure 1, the first approach with CAD is shown. On the left, 
a stellated octahedron is shown which has a wall thickness of 
3 mm and an edge length of 40 mm between the corner points. 
The stellated octahedron consists of two hollow tetrahedra 
shifted by a 90degree rotational offset, while one center cavity 
with a volume of 6889 mm³ and eight corner-cavities with a 
volume of 887 mm³ (each) are formed. On the right, a cube of 
same edge length is illustrated with the FCC design of pores 
having a diameter of 16 mm (2144 mm³, each). The final unit 
cell design is depicted in Figure 2.  

 
Figure 1: First Approach of unit cell without pores (left). 
Face centered cubic (FCC) structure with pores (right).  
 

 
Figure 2: Final design of the unit cell with pores (left). 
Section views revealing the structure of cavities (right).  

 
 

In Figure 3, three layers are shown in sequence with a (3, 3) 
array of periodic unit cells (explosive view). By putting the 
layers together, the lattice structure (3,3,3) is realized. The 
advantage of this design is the three-dimensional coupling of 
cavities and pores that may be tuned to desired acoustic stop 
band effects.   

 
Figure 3: Lattice structure. Three layers, each including a 
(3,3) array of the PAMM unit cells. 

Acoustic modeling and simulation  
The generated CAD-lattice structure is embedded into a 
discretized control volume with the medium air by FEM [2], 
which is shown by Figure 4, mainly consisting of:  

1. Perfectly Matched Layer (PML),  
2. Inlet air chamber: background pressure field excitation 
 by plane wave in x-direction with amplitude 𝑝𝑝𝑏𝑏 = 1 Pa, 
 encased by sound-reflecting boundary (𝑣𝑣 = 0 m/s), 
3. PAMM: solid structure of Unit Cells subtracted from 
 cubic air volumes, 
4. Outlet air chamber: scattered pressure field, encased by 
 sound-reflecting boundary (𝑣𝑣 = 0 m/s), 
5. PML. 

 
Figure 4: Meshing by three-dimensional elements: PML 
with pentahedrons (1), inlet with tetrahedra (2), area of sound 
transmission (PAMM) with tetrahedra (3), Outlet with 
tetrahedra (4), PML with pentahedrons (5). 
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In  Table 1, the meshing parameters for each domain are listed 
with the element type and number.  

Table 1: Meshing parameters. 
Domain Element type Number of Elements 

1, 5 Pentahedron 13,644 
2, 4 Tetrahedron 1,237,994 
3 Tetrahedron 769,319 

Results and discussion 
The simulation model is computed in Comsol Multiphysics 
[3]. There are two investigations considered. First, the 
acoustic eigenfrequency behavior of one unit cell is analyzed. 
Second, the frequency response function of the PAMM with 
(3,3,3) lattice structure according to the excitation by a 
background pressure field (Figure 4) is discussed.  

Acoustic eigenfrequency analysis of the unit cell 
The investigation of the unit cell is helpful to understand the 
stop band behavior of the lattice structure. Thus, the 
dispersion of acoustic waves within the cavity and pore air 
volumes are focused on, which is a frequency-dependent 
presence of acoustic waves within this 3D-space. For the 
boundary conditions of the unit cell, the Floquet Bloch 
Theorem is applied, which localizes the unit cell within an 
infinite, periodic structure repeating the local pressure 
distribution as follows: 

𝑝𝑝�𝑥⃗𝑥 + 2𝐴𝐴𝐴𝐴�����⃗ � 
= 𝑝𝑝(𝑥⃗𝑥) exp�𝑗𝑗(𝑘𝑘𝑥𝑥 , 𝑘𝑘𝑦𝑦 , 𝑘𝑘𝑧𝑧� ⋅ 2𝐴𝐴𝐴𝐴�����⃗ ),  

[Pa]  (1) 

𝑝𝑝�𝑥⃗𝑥 + 2𝐵𝐵𝐵𝐵�����⃗ �
= 𝑝𝑝(𝑥⃗𝑥) exp�𝑗𝑗(𝑘𝑘𝑥𝑥 , 𝑘𝑘𝑦𝑦 , 𝑘𝑘𝑧𝑧� ⋅ 2𝐵𝐵𝐵𝐵�����⃗ ), 

  [Pa]  (2) 

𝑝𝑝�𝑥⃗𝑥 + 2𝐶𝐶𝐶𝐶�����⃗ �
= 𝑝𝑝(𝑥⃗𝑥) exp�𝑗𝑗(𝑘𝑘𝑥𝑥 , 𝑘𝑘𝑦𝑦, 𝑘𝑘𝑧𝑧� ⋅ 2𝐶𝐶𝐶𝐶�����⃗ ). 

[Pa]  (3) 

The room vectors 𝐴𝐴𝐴𝐴�����⃗ ,𝐵𝐵𝐵𝐵�����⃗ ,𝐶𝐶𝐶𝐶�����⃗  refer to the monitoring points 
A, B, C, illustrated in Figure 5 with positions in Table 2, 
defining the dispersion analysis in one quarter of the unit cell. 
In Figure 6, the dispersion diagram is illustrated, while the 
vertical lines show the monitoring points A, B, C. 
 

Table 2: Position of Monitoring Point (MP). 
MP X/mm Y/mm Z/mm 
A 40 40 0 
B 20 20 20 
C 40 40 20 

 

 
Figure 5: Dispersion analysis: Diagonal room vectors for 
one quarter of the unit cell directed via the points A, B, C.  

The horizontal scale shows the wave vector while the vertical 
scale considers the appearance of frequencies within the 
cavities or pores. At 4800 Hz to 5000 Hz, as well as at 5500 
Hz, the dispersion curves are relatively omnipresent, so those 
frequencies can be seen as characteristic for the acoustic 
eigenfrequency of the mean and corner cavity.  
 

 
Figure 6: Dispersion analysis: Acoustic band structure of the 
unit cell according to the vector direction from A, B, C. 

 

Frequency Response Function of PAMM   
In the following, the sound transmission characteristics of the 
PAMM with (3,3,3) lattice structure is investigated according 
to the acoustic model in Figure 4. The pressure field refers to 
the three-dimensional wave equation, which is transformed 
into the Helmholtz equation by harmonic variation 𝜔𝜔 of the 
total pressure distribution:   

∇ ⋅ �−
1
𝜌𝜌0
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1
𝑐𝑐2
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= 0, 
[Pa]  (4) 

𝑝𝑝𝑡𝑡 = (𝑝𝑝 + 𝑝𝑝𝑏𝑏) exp(𝑖𝑖𝑖𝑖𝑖𝑖), [Pa]  (5) 
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The total pressure 𝑝𝑝𝑡𝑡  consists of the scattered pressure field 𝑝𝑝, 
for which the solution is generated, as well as the background 
pressure field 𝑝𝑝𝑏𝑏 = 1 Pa, which is a plane wave propagating 
in the positive x-direction. The fluid medium is characterized 
by the density 𝜌𝜌0 = 1.204 kg/m3, the speed of sound 𝑐𝑐 =
343.2 m s⁄  and the wave number 𝑘𝑘 = 𝜔𝜔/𝑐𝑐. The linear 
pressure acoustics problem is solved by the Finite Element 
Method (FEM) within the physics interface of Comsol 
Multiphysics [3]. The results for the sound transmission loss 
can be seen in Figure 7, where the diagram reveals a stop band 
from 5.6 to 8.4 kHz. The lower border can be interpreted as 
the eigenfrequency of the unit cell, while the stop band above 
might be the acoustic resonance of the 27 cavities, that are 
three-dimensionally connected to each other by the pores, 
forming an analog spring-mass system with several 
resonances building up the stop band.  
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In Figure 8, the Sound Pressure Level (SPL) for the central 
section in the x-z-plane (𝑦𝑦 = 60 mm) is shown. The inlet and 
outlet are illustrated on the left and right side, respectively. In 
the middle, the section of the PAMM is visualized. For the 
frequencies, the corresponding plane waves of the 
background pressure field (inlet) can be seen by the white 
vertical lines and their distances:  

- 𝑓𝑓 = 5600 Hz with 𝜆𝜆/2 ≈ 31 mm, 

- 𝑓𝑓 = 6300 Hz with 𝜆𝜆/2 ≈ 27 mm, 

- 𝑓𝑓 = 8400 Hz with 𝜆𝜆/2 ≈ 21 mm. 

Regarding the outlet and inlet, the SPL - difference reaches 
from 70 to 120 dB and confirms the sound transmission loss 
by the stop band of 2.8 kHz illustrated in Figure 7. 

 
Figure 7: Sound Transmission Loss (TL) in dB: diagram 
overview stopband frequency range in between 5600 and 
8400 Hz.  

 
Figure 8: Sound pressure level (SPL) in dB: x-z-plane 
central section (𝑦𝑦 = 60 mm). Comparison of the inlet (left) 
and outlet (right).  

Conclusion 
The FCC-lattice structured PAMM shows a broad stop band 
width of 2.8 kHz in the mid frequency range, while the lower 
border shows the acoustic eigenfrequency of one unit cell. 
The stop band is caused by the acoustic resonance effect of 
the chain sequence of cavities within the PAMM. By scaling 
up the unit cell edge length, the stop band location can be 
inversely tuned towards lower frequencies. 
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