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Abstract

Metal lattice structures filled with a damping material such as polymer can exhibit high stiffness

and good damping properties. Mechanical simulations of parts made from these composites

can however require a large modeling and computational effort because relevant features such

as complex geometries need to be represented on multiple scales. The finite cell method

(FCM) and numerical homogenization are potential remedies for this problem. Moreover, if the

microstructures are placed in between the components of assemblies for vibration reduction,

a modified mortar technique can further increase the efficiency of the complete simulation

process. With this method, it is possible to discretize the components separately and to

integrate the viscoelastic behavior of the composite damping layer into their weak coupling.

The present paper provides a multiscale computational material design framework for such

layers, based on FCM and the modified mortar technique. Its efficiency even in the case

of complex microstructures is demonstrated in numerical studies. Therein, computational

homogenization is first performed on various microstructures before the resulting effective

material parameters are used in larger-scale simulation models to investigate their effect and

to verify the employed methods.
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1 Introduction

A common measure to reduce the vibrations of a structure is to place damping material in the

connections between its components. As most metals provide only poor damping performance

if the deformations are small [1], polymers with high loss factors like polyurethane elastomers

are often employed for this purpose. Their relatively small stiffness, however, can lead to even

larger vibrations in directly excited components [2].

Metals with good damping properties at small strains were studied in [1, 3–7]. For example,

cadmium showed a shear modulus of 20.7 GPa and a frequency-dependent loss factor from 0.05

to 0.03 in the range of 1 Hz to 1000 Hz [3]. Nevertheless, apart from other constraints, it should

be considered that heavy metals such as cadmium can have a negative impact on human health,

which limits their application in building products [8]. High stiffness and damping values were

also measured from samples of indium-tin [5], indium-zinc [1], as well as composites combining

indium-tin with tungsten [4] or silicon carbide [6] to increase stiffness.

Composites of aluminum or steel can be alternatives to the aforementioned high damping

metals. An example are aluminum metal matrix composites. Their damping behavior was

reviewed in [9, 10]. It was reported that an increased damping capacity can be achieved by

adding graphite [11, 12], fly ash [13, 14], or high damping ceramics [15] to aluminum. Another

example are composite laminate plates. Here, steel or aluminum sheets are combined with

polymer layers to decrease bending vibrations and hence sound radiation [16–21].

In recent years, further designs for metal-polymer composites providing high stiffness and

damping were developed because additive manufacturing (AM) now allows for the production

of microstructures with extraordinary properties. For instance, a hollow microlattice whose

walls consist of metal-polymer-metal layers has been additively manufactured and analyzed

with simulations and measurements. It was shown that a 20 % higher loss factor was achieved

with the composite design compared to a purely metallic one [22]. Andreasen et al. [23]

identified microstructures for two-phase composites with high stiffness and optimized damp-

ing properties. These composites have viscoelastic material parameters close to the upper

bounds defined in [24–26]. They can be produced by additively manufacturing stiff lattice
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structures and injecting damping material into the cavities, where the transmission of forces

can be ensured by adhesive bonding as shown in [27]. The designs were obtained by topology

optimization with an additional constraint enhancing the connectivity of the stiff matrix and

thus its manufacturability.

Metal AM lattice structures can be represented in the elastic range with validated accuracy

using a finite element model based on the as-built geometry [28]. Predicting the mechanical

behavior of parts made from such microstructures, however, can lead to a large modeling effort

and high numerical costs due to their multi-scale nature and potentially complex geometry.

Solutions to these problems can be the use of the finite cell method (FCM) and computational

homogenization [29, 30]. In addition, if the microstructure is utilized in the form of a damp-

ing layer between the components of an assembly, a modified mortar formulation can further

improve the modeling and numerical efficiency [31]. It allows the viscoelastic behavior of the

layer to be integrated into the mortar coupling. Hence, the components can be discretized

individually and the layer does not need to be explicitly resolved with finite elements. The for-

mulation was developed and validated for isotropic elastomer material, but it can be enhanced

to represent composite microstructures based on homogenization.

This article presents a simulation framework to investigate the vibration behavior of struc-

tures whose mechanical properties are defined by the interaction of multiple geometric scales.

These structures are particularly attractive for recent AM technologies. The main contribu-

tions of this paper are: (a) The use of an immersed boundary approach, the finite cell method,

to numerically homogenize viscoelastic composite microstructures in Section 2. (b) The appli-

cation and verification of the modified mortar method to represent damping layers made of such

(a) (b)

Figure 1: Composite microstructure: (a) stiff material, (b) damping material.
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structures in Section 3. (c) Numerical studies on high-performance composites, as shown in

Figure 1, demonstrating the efficiency of the proposed multiscale approach in Sections 2 and 3.

2 Computational homogenization study

2.1 Unit cell design

The composite microstructures studied in this work consist of the unit cells shown in Figure 2

and 3, which are inspired by the topology optimization results of Andreasen et al. [23]. They

are referred to as octahedral and cubic microstructure. Furthermore, two geometric parameters

are defined: the thickness of the struts connecting the stiff inclusions astrut and the size of

the gaps filled with damping material agap, both of which are normalized to the unit cell size.

Unless otherwise stated, a value of 0.2 is taken for astrut and agap.

The stiff and the damping material are considered isotropic and linear viscoelastic since the

strains are assumed to be small. Therefore, each of the constituents is described by a real

Poisson’s ratio ν and a complex Young’s modulus E:

E = E′(1 + iη) (1)

where E′ is the storage Young’s modulus and η is the loss factor [32]. The subscripts s and

d are added in the following to indicate the stiff and the damping material, respectively. The

(a) (b)

Figure 2: Unit cell of the octahedral mi-
crostructure: (a) stiff material,
(b) damping material.

(a) (b)

Figure 3: Unit cell of the cubic microstruc-
ture: (a) stiff material, (b) damp-
ing material.
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Table 1: Isotropic material parameters of the stiff and the damping material.

E′ η ν ρ

[GPa] [kg/m3]

stiff material (s) 180 0.0025 0.30 7950

damping material (d) 1 Hz 3.5 0.08
∣∣ ∣∣

10 Hz 4.0 0.07 0.38 1200

100 Hz 4.5 0.06
∣∣ ∣∣

1000 Hz 5.0 0.05
∣∣ ∣∣

values of the material parameters are given in Table 1. The ones of the stiff constituent are

based on measurements of steel specimens [33–38] and those of the damping constituent on

studies of polymethyl methacrylate (PMMA), which offers a combination of a relatively high

storage Young’s modulus and loss factor compared to other pure polymers [39, 40].

2.2 Homogenization approach

The composite microstructures can be represented on the macroscale by a homogeneous linear

viscoelastic material if the respective unit cells are much smaller than the overall structure [23,

29]. As they are cubic symmetric, the effective stiffness matrix C in Voigt notation can be

simplified to [41, 42]:

C =



C11 C12 C12

C12 C11 C12

C12 C12 C11

C44

C44

C44


(2)

where the elements of C are defined as follows:

C11 =
Ec(1− νc)

(1 + νc)(1− 2νc)
(3)

C12 =
Ecνc

(1 + νc)(1− 2νc)
(4)

C44 = Gc. (5)
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Thus, three complex effective material parameters are needed to describe each of the mi-

crostructures on the macroscale:

Ec = E′c(1 + iηEc) (6)

νc = ν ′(1 + iηνc) (7)

Gc = G′c(1 + iηGc) (8)

where E′c, ν
′
c, and G′c are the storage Young’s modulus, Poisson’s ratio, and shear modulus,

while ηEc , ηνc , and ηGc are the corresponding loss factors. The effective stiffness matrix C and

hence the material parameters of the composites are determined by computational homoge-

nization. Therein, the stresses and strains at a point in the macroscale are assumed to be the

average of the microscopic stresses and strains acting on the domain of a unit cell which fully

resolves the microstructure at that point. The homogenization procedure starts off with the

computation of the microscopic stresses and strains for six different boundary condition cases.

Various types of boundary conditions can be selected that ensure the strain energy equivalence

between the micro- and the macroscale (Hill condition). Here, periodic boundary conditions

are used because they are well suited for repetitive microstructures [43, 44]. Furthermore, iner-

tia forces are neglected such that the frequency dependence of the results only arises from that

of the damping material parameters. After these microstructural computations, the macro-

scopic stresses and strains are calculated by averaging the microscopic ones in order to finally

determine the effective material matrix using the macroscopic constitutive law [29].

2.3 Discretization of the unit cells

The octahedral microstructure is described with a parametric constructive solid geometry

(CSG) model and discretized on that basis using FCM, as presented in [45]. In this method, the

physical domain Ω is embedded in an extended domain Ωe exhibiting a simple geometry that is

meshed without considering the boundary of the physical domain ∂Ω (Figure 4). Nevertheless,

Ω is resolved when integrating the matrices of the finite elements, also called finite cells. To this

end, the stiffness and the density are weighted at each integration point by a factor α, which
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Figure 4: The physical domain Ω is embedded in the extended domain Ωe and resolved by the
indicator function α during the integration of the element matrices [46, 47].

is 1 inside of Ω and close to 0 outside of it. For finite cells cut by the boundary ∂Ω, special

integration techniques such as adaptive octree-based integration can be employed to reduce the

integration error to a negligible level. Furthermore, due to their better convergence properties,

high-order shape functions are used in FCM to increase the computational efficiency [46, 47].

For each material of the octahedral microstructure, a non-boundary-fitting FCM mesh,

shown in Figure 5, is created by setting up a Cartesian grid with 21 cells in each direction and

by removing the cells that are completely outside of the respective domain. The integration

is performed with an octree whose partitioning depth is up to 5. As the two physical domains

are discretized separately, they are weakly coupled at the material interface by means of the

(a) (b) (c)

Figure 5: Discretization of the octahedral microstructure: (a) FCM mesh for the stiff material,
(b) FCM mesh for the damping material, (c) convergence of the effective material
parameters by increasing p from 1 to 4.
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(a) (b)

Figure 6: Discretization of the cubic microstructure: (a) boundary-conforming FE mesh for
both the stiff and the damping material, (b) convergence of the effective material
parameters by increasing p from 1 to 8.

the penalty method [48]. To this end, the interface is triangulated using the marching cubes

algorithm as described in [49]. This approach allows for an automated modeling procedure

despite the geometric complexity of the microstructure. In contrast, the cubic microstructure

is discretized with a conforming FE mesh due to the simplicity of its geometry. As shown in

Figure 6, the mesh is a rectilinear grid with 13 elements in each direction.

The polynomial degree p of the shape functions is chosen based on a convergence study in

order to ensure a high accuracy with a relatively small number of unknowns. It is set to 3 in

the case of the octahedral microstructure and to 4 in the case of the cubic microstructure. This

leads to a relative error of the effective material parameters of less than 3.2 %, as depicted

in Figures 5c and 6b. The convergence study was carried out using the damping material

parameters given for a frequency of 10 Hz. Furthermore, the reference solution for calcu-

lating the relative error was approximated using an overkill discretization with a polynomial

degree p of 5 for the octahedral microstructure and 9 for the cubic microstructure, resulting in

2.3×106 and 1.5×106 unknowns, respectively. The approximated reference values are listed in

Table 2. It should be noted that the imaginary part of the effective Poisson’s ratio ν ′′c of the
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Table 2: Reference values of the effective material parameters.

E′c E′′c ν ′c ν ′′c G′c G′′c
[GPa] [GPa] [GPa] [GPa]

octahedral microstructure 27.72 0.908 0.310 3×10−4 15.09 0.288

cubic microstructure 35.12 1.137 0.186 0.004 6.25 0.261

octahedral microstructure is close to zero, which is why the corresponding relative error is not

considered here.

2.4 Results and discussion

The effective material parameters of the octahedral and the cubic microstructure in the fre-

quency band from 1 Hz to 1000 Hz are depicted in Figure 7. To this end, computational

homogenization was performed for discrete frequencies using the values listed in Table 1; in

(a) (b)

Figure 7: Effective material parameters of the octahedral and the cubic microstructure.
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between, the effective material parameters were approximated by bilinear interpolation since

E′d and ηd are both frequency-dependent. It can be seen that the considered composites have

relatively large stiffness and good damping properties. The storage Young’s modulus E′c ranges

from 27 GPa to 39 GPa, which is more than 15 % of the stiff material parameter E′s, and the

loss factor ηEc ranges from 0.035 to 0.024, which is more than 40 % of the damping material

parameter ηEd
. Furthermore, the octahedral microstructure has a high storage shear modulus

G′c of around 15 GPa. This, however, is accompanied by a lower corresponding loss factor ηGc

compared to the cubic microstructure.

Additionally, the parameters defining the geometry and material of the microstructures

were individually varied from their original values in order to investigate their influence on

the effective material properties. In this investigation, the frequency, on which the original

values of the damping material parameters depend, was set to 10 Hz. The results are shown

in Figures 8 and 9 using the example of the effective storage Young’s modulus E′c and the

effective loss factor ηEc of the octahedral microstructure. The geometric parameters astrut and

agap were varied between 0.1 and 0.3. The volume fraction Vs of the stiff constituent, shown in

Figure 8a, ranges therefore from 0.39 to 0.78. As depicted in Figure 8b, E′c can be increased

by two measures: raising the strut thickness astrut or lowering the gap size agap. In contrast to

the latter measure, a larger strut thickness astrut unfortunately results in a significantly lower

(a) (b) (c)

Figure 8: Effective material properties E′c and ηEc of the octahedral microstructure at 10 Hz
and volume fraction Vs of the stiff constituent under variation of the geometry.
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ηEc as well (Figure 8c). Conversely, decreasing astrut leads to a considerably higher loss factor

ηEc but also to a lower storage Young’s modulus E′c. The impact of the stiff and the damping

material parameters is shown in Figure 9. To this end, a parameter study was conducted

where the material parameters were multiplied one at a time by a variation factor ranging

from 0.025 to 2. The graphs specify the factors by which E′c and ηEc change in each case. E′c

rises with increasing storage Young’s moduli of both materials and ηEc rises with increasing

loss factors. Unlike the loss factor of the damping material ηd, however, the one of the stiff

material ηs has almost no effect. Furthermore, the storage Young’s moduli Es and Ed have

a considerable influence on the effective loss factor ηEc . Particular attention should be given

to the drastic decline of ηEc if Ed falls below a certain value. Therefore, polymers with very

low stiffness should be avoided here even if they exhibit high loss factors. Instead, it can be

beneficial – not only for the stiffness but also for the damping properties of the composite –

to select a polymer with a storage Young’s modulus greater than 1 GPa within the relevant

frequency and temperature range. These findings are in line with the Voigt approximation,

which holds for laminate composites under longitudinal loading. Also in this case, there is a

(a) (b)

Figure 9: Change of the effective material parameters E′c and ηEc of the octahedral microstruc-
ture due to a variation of the stiff and the damping material parameters from their
original values at 10 Hz: Es = 180 GPa, ηs = 0.0025, Ed = 4 GPa, ηd = 0.07.
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strong dependency of the effective loss factor η∗ on the loss moduli of the constituents:

η∗ =

∑
i(ViEiηi)∑
i(ViEi)

(9)

where Vi are the volume fractions of the laminate constituents, Ei their storage Young’s moduli,

and ηi their loss factors [32, 50].

In the following section, the effective material parameters specified in Tables 3 and 4 are

used to represent the respective microstructures in larger-scale FE models. In addition to

the viscoelastic parameters obtained from computational homogenization, the density ρc is

calculated by weighted averaging based on the volume fraction.

Table 3: Frequency-dependent effective material parameters of the octahedral microstructure.

E′c ηEc ν ′c ηνc G′c ηGc ρc
[GPa] [GPa] [kg/m3]

astrut = 0.2 1 Hz 27.02 0.035 0.306 0.001 14.90 0.020
∣∣

10 Hz 28.60 0.032 0.307 0.001 15.37 0.019 5046

100 Hz 30.13 0.029 0.307 0.001 15.82 0.017
∣∣

1000 Hz 31.63 0.025 0.308 0.001 16.27 0.015
∣∣

astrut = 0.1 1 Hz 16.56 0.059 0.321 −0.001 8.74 0.040
∣∣

10 Hz 18.26 0.052 0.320 −5×10−4 9.34 0.037 4838

100 Hz 19.90 0.045 0.320 −2×10−4 9.92 0.032
∣∣

1000 Hz 21.51 0.037 0.320 4×10−5 10.49 0.028
∣∣

Table 4: Frequency-dependent effective material parameters of the cubic microstructure.

E′c ηEc ν ′c ηνc G′c ηGc ρc
[GPa] [GPa] [kg/m3]

astrut = 0.2 1 Hz 33.29 0.035 0.178 0.025 5.84 0.045
∣∣

10 Hz 35.27 0.032 0.186 0.021 6.30 0.041 4818

100 Hz 37.17 0.028 0.193 0.018 6.75 0.037
∣∣

1000 Hz 38.99 0.024 0.199 0.014 7.19 0.032
∣∣

astrut = 0.1 1 Hz 24.44 0.053 0.191 0.020 3.84 0.069
∣∣

10 Hz 26.64 0.046 0.198 0.017 4.30 0.061 4697

100 Hz 28.75 0.040 0.204 0.015 4.76 0.052
∣∣

1000 Hz 30.78 0.033 0.209 0.012 5.21 0.044
∣∣
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3 Application of the effective material parameters

3.1 Test structure

The assembly depicted in Figure 10 consists of a vertical and a horizontal steel bar whose

dimensions are 36 × 9 × 2000 mm3 and 1600 × 9 × 72 mm3. They have the same material

parameters as the stiff constituent of the composite microstructures, specified in Table 1.

The connection between the bars contains a damping layer made of one of the presented

microstructures. Unless otherwise stated, it has a thickness bL of 18 mm. The vertical beam

is clamped to the ground, whereas the horizontal one is directly excited by a time-harmonic

load oriented in z-direction. Two symmetry boundary conditions are applied such that the

structure is actually a frame comprised by components whose dimensions in y-direction are

twice as large as indicated.

This example serves to verify the modified mortar formulation. For that purpose, the fre-

quency response functions of the test structure in the range from 0.1 Hz to 900 Hz are computed

Figure 10: Dimensions and boundary conditions of the test structure.
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with conforming and mortar-based FE models and compared to each other. In these models,

the microstructure of the damping layer is represented using the homogenization results. The

robustness of the modified mortar approach is moreover demonstrated by performing multiple

simulations with different effective material parameters and layer thicknesses. Furthermore,

the case of a rigid connection between the two steel bars without damping layer is analyzed.

The results are used as a reference to evaluate the impact of the composite microstructures on

the vibration behavior of the assembly. Finally, the homogenization approach itself is verified

by simulations in which the microstructure of the damping layer is fully resolved.

3.2 Comparison of conforming and mortar-based FE models

Based on the effective material parameters, the heterogeneous damping layer is represented

in two different ways. In the conforming FE model (Figure 11), it is explicitly resolved by

a high-order finite element and, in the mortar-based FE model (Figure 12), it is taken into

account by a modified mortar coupling. A general advantage of the mortar method is that it

allows the domain of computation to be split into several subdomains that can be discretized

separately [51–53]. This is possible because the stresses acting on the interfaces of adjacent

subdomains are considered by additional unknowns, the Lagrange multipliers. Moreover, fur-

ther equations are introduced coupling the subdomains across their interfaces in a weak sense.

The standard approach constrains the integrals of the relative displacements to vanish, whereas

(a) (b)

Figure 11: Conforming mesh of the test
structure: (a) total view (b) de-
tail.

(a) (b)

Figure 12: Non-conforming mesh of the test
structure: (a) total view (b) de-
tail.
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the coupling condition of the modified mortar method presented in [31] includes an isotropic

viscoelastic layer in a dimensionally reduced way. In the scope of this work, the modified

mortar formulation was extended by an orthotropic constitutive equation in order to be able

to represent layers made of cubic-symmetric microstructures.

Both the conforming and the mortar-based models use hexahedral p-elements with large

aspect ratios [47]. Like above, a convergence study is carried out to select the polynomial

degree p of the shape functions in all three spatial directions. Here, the root mean square error

εf of the natural frequencies fi up to 900 Hz is employed as criterion:

εf =

√√√√ 1

n

n∑
i=1

(
fref,i − fi
fref,i

)2

· 100 [%] (10)

where n is the number of natural frequencies and fref,i is the reference solution approximated

with the conforming mesh and a polynomial degree p of 12. The eigenproblem is solved for

a simplified case in which constant material parameters are assigned to the viscoelastic layer,

namely those of the homogenized octahedral microstructure with a strut thickness astrut of 0.2

at 10 Hz. Based on the results depicted in Figure 13, p is set to 9, leading to a root mean

square error εf of less than 0.1 % in the case of the conforming model and less than 0.2 % in

the case of the mortar-based model. The natural frequencies and the associated mode shapes

computed with the conforming model and a polynomial degree p of 9 are shown in Figure 14.

The vibration behavior of the test structure subjected to the given time-harmonic load

is studied in a frequency response analysis. The number of unknowns in this complex-valued

problem is 10 432 when using the conforming models and 8 968 when computing on the mortar-

based models. Here, the modes considered in the convergence study are excited. This leads

to the peaks of the frequency response functions, as can be seen in Figure 15. The quantity

shown therein is the mean accelerance Y dir:

Y dir =
1

nEP

nEP∑
i=1

|Ŷ dir
i | (11)

where Ŷ dir
i is the transfer accelerance evaluated at nEP = 100 evenly distributed points along
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Figure 13: Convergence of the 12 lowest nat-
ural frequencies of the test struc-
ture by increasing p from 1 to 11
in the case of the conforming and
the mortar-based FE model.

(a) 17.0 (b) 40.1 (c) 108.8 (d) 142.8

(e) 220.0 (f) 354.1 (g) 376.6 (h) 532.5

(i) 550.7 (j) 708.5 (k) 757.8 (l) 800.2

Figure 14: Natural frequencies fi [Hz] and
associated mode shapes of the
test structure computed with the
conforming model and p = 9.

the longitudinal axis of the directly excited beam. It is calculated by dividing the complex

amplitude of the acceleration by the input force. The mean accelerance of the indirectly

excited component Y ind, shown in Figure 16, is determined in the same manner. Figures 15

and 16 depict the results of various conforming and mortar-based FE models, which differ by

the design of the connection between the steel bars. Considered are connections containing

different octahedral microstructures as well as a rigid connection without damping layer. It

can be seen that the damping layer leads to a significant decrease of the mean accelerance in

both the directly and the indirectly excited component. This effect is enhanced when the strut

thickness of the microstructure astrut is lowered from 0.2 to 0.1 since the effective loss factor

ηc is increased in this way. Furthermore, the good agreement between the frequency response

functions of the conforming and the mortar-based models indicates that the mortar coupling

is well suited to represent the damping layer.

The influence of the damping layer as well as the accuracy of the modified mortar approach

are moreover quantitatively evaluated based on the peak values of the frequency response

functions, which can each be associated with a natural mode k. To this end, the relative
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(a)

(b) (c)

(d) (e)

(f) (g)

(h) (i)

Figure 15: Mean accelerance Y dir of the directly excited component in the case of the octahedral
microstructure and of the rigid connection.
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(a)

(b) (c)

(d) (e)

(f) (g)

(h) (i)

Figure 16: Mean accelerance Y ind of the indirectly excited component in the case of the octa-
hedral microstructure and of the rigid connection.
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deviations δdirk and δindk are calculated for a number of comparisons:

δdirk =

∣∣∣∣∣Y dir
max,k −

refY dir
max,k

refY dir
max,k

∣∣∣∣∣ · 100 [%] (12)

where Y dir
max,k denotes the peak mean accelerances of the considered model and refY dir

max,k those

of the respective reference model. The equation to compute δindk is analogous to Equation 12.

To assess the effect of various damping layers made of different composite microstructures,

conforming FE models containing these layers in a homogenized form are compared to a model

with a rigid connection between the bars. In this context, δdirk and δindk are also called relative

reductions. They are specified in Table 5 for several cases. If astrut is 0.2, the peak mean

accelerances are reduced on average by around 27.2 % and maximally by 62.5 %. A lower strut

thickness astrut of 0.1 even leads to a decrease of around 36.8 % on average and of 78.2 % at

most. The impact of the octahedral and the cubic microstructure differ only slightly from each

other since their effective loss factors ηEc are very similar. Furthermore, the relative reductions

in the directly excited component δdirk are about the same as those in the indirectly excited one

Table 5: Relative reductions of the peak accelerances due to the damping layer with respect to
the case of a rigid connection.

octahedral microstructure cubic microstructure

astrut = 0.2 astrut = 0.1 astrut = 0.2 astrut = 0.1

natural δdirk δindk δdirk δindk δdirk δindk δdirk δindk
mode k [%] [%] [%] [%] [%] [%] [%] [%]

1 19.8 28.4 36.2 46.7 18.5 25.9 29.2 37.8

2 62.5 59.5 78.2 76.0 60.0 57.3 72.1 70.0

3 61.8 48.1 77.4 65.1 58.0 45.3 69.8 57.8

4 18.2 39.5 29.3 54.3 18.3 36.9 26.8 47.5

5 58.0 50.4 70.6 64.8 55.5 48.8 65.4 59.9

6 28.6 9.7 42.7 19.3 28.4 10.8 38.7 18.3

7 2.7 25.0 8.3 36.6 5.6 25.9 11.1 34.9

8 34.5 20.5 49.0 32.6 38.2 24.1 49.8 34.4

9 10.8 15.4 14.6 21.9 10.4 16.4 14.3 22.2

10 3.3 0.3 6.3 2.0 8.4 3.4 13.5 7.1

11 1.5 2.6 0.7 5.1 0.6 3.0 0.1 4.8

12 24.0 28.8 34.4 39.6 23.0 29.2 30.9 37.7

1 to 12 27.1 27.3 37.3 38.7 27.1 27.3 35.2 36.0
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δindk . This can be most likely attributed to the high stiffness of the microstructures impeding

considerable elastic insulation.

The accuracy of the modified mortar approach is evaluated by a comparison between mortar-

based and conforming FE models considering different microstructures (Table 6) and layer

thicknesses (Table 7). In this regard, δdirk and δindk are also named relative errors. In the case

of an 18 mm thick damping layer, which is studied in Table 6, the relative error averaged over

all modes is less than 7.2 % in the directly excited component and not greater than 5.8 %

in the indirectly excited one. As stated in Table 7, the relative errors increase with a higher

layer thickness bL. This might be mainly caused by the kinematic approach of the modified

mortar formulation allowing the deformations of the layer only to vary linearly in thickness

direction. In the considered case of an octahedral microstructure with a strut thickness astrut

of 0.2, however, even the representation of a 24 mm thick layer resulted in an average relative

error of less than 6.8 %.

Table 6: Relative errors of the peak accelerances determined by the mortar-based models under
variation of the microstructure.

octahedral microstructure cubic microstructure

astrut = 0.2 astrut = 0.1 astrut = 0.2 astrut = 0.1

natural δdirk δindk δdirk δindk δdirk δindk δdirk δindk
mode k [%] [%] [%] [%] [%] [%] [%] [%]

1 3.76 4.37 8.21 10.73 0.19 1.70 0.78 0.38

2 8.97 9.23 15.46 15.00 4.09 3.19 1.91 0.97

3 2.46 3.02 10.24 7.91 11.58 6.57 9.63 5.33

4 3.66 3.12 4.69 7.07 1.56 3.79 2.43 2.26

5 1.83 2.39 5.28 4.93 8.27 5.84 6.30 4.70

6 7.09 2.15 7.61 2.85 12.63 4.44 14.46 6.01

7 7.72 2.59 7.37 2.91 9.02 0.27 10.00 0.55

8 6.93 3.95 7.16 4.49 12.21 7.24 13.65 8.81

9 3.20 1.39 3.19 1.52 2.57 0.44 3.53 1.20

10 7.80 5.67 9.30 7.13 8.01 6.09 9.22 7.36

11 0.10 1.13 0.06 1.98 0.08 0.73 0.24 1.12

12 6.15 2.32 7.46 3.07 3.18 0.58 4.23 0.25

1 to 12 4.97 3.44 7.17 5.80 6.12 3.41 6.36 3.24
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Table 7: Relative errors of the peak accelerances determined by the mortar-based models under
variation of the layer thickness bL (in the case of the octahedral microstructure and
astrut = 0.2).

bL = 12 mm bL = 18 mm bL = 24.0 mm

natural δdirk δindk δdirk δindk δdirk δindk
mode k [%] [%] [%] [%] [%] [%]

1 2.39 2.68 3.76 4.37 4.74 5.54

2 6.78 7.13 8.97 9.23 9.72 9.60

3 2.44 2.82 2.46 3.02 0.62 1.99

4 2.78 2.54 3.66 3.12 4.18 2.84

5 2.43 2.86 1.83 2.39 0.09 0.83

6 3.07 0.52 7.09 2.15 12.76 4.47

7 5.26 2.60 7.72 2.59 11.02 1.86

8 2.43 1.32 6.93 3.95 13.49 7.80

9 1.79 1.20 3.20 1.39 4.68 1.62

10 4.27 3.31 7.80 5.67 11.36 8.26

11 0.10 0.58 0.10 1.13 0.08 1.68

12 4.19 2.21 6.15 2.32 7.96 2.15

1 to 12 3.16 2.48 4.97 3.44 6.73 4.05

3.3 Verification of the homogenization approach

Numerical models of the assembly fully resolving the octahedral and cubic microstructure of

the damping layer are analyzed besides the homogenization-based models. They serve to verify

the applicability of the effective viscoelastic parameters for the considered use case. In these

models, whose meshes are depicted in Figures 17 and 18, the damping layer consists of 4×1×2

unit cells, each discretized in the same way as in the homogenization procedure. The steel bars,

on the other hand, are represented by the same p-elements as in the conforming FE model

depicted in Figure 11. Further, the rigid connection between the elements of the bars and those

of the damping layer is ensured by means of the penalty method [48, 53, 54]. The number of

unknowns is primarily defined by the elements resolving the microstructures. It is 5.0× 106 in

the case of the octahedral microstructure and 1.5×106 in the case of the cubic microstructure.

Therefore, the computational effort is by far larger here than in the homogenization-based

approach.

The harmonic analysis was exemplarily conducted from 140 Hz to 150 Hz, as shown in
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Figures 19 and 20. In this frequency range, the 4th natural mode depicted in Figure 14d is

excited. The peak frequencies of the models are in the case of both microstructures close to

each other differing at most by 1.05 % and the effect of the fully resolved damping layer on the

mean accelerances Y dir and Y ind is very similar to those of the homogenized layers. Table 8

specifies the relative deviations δdir4 and δind4 of the peak mean accelerances computed by the

conforming and the mortar-based models from those determined by the heterogeneous models.

They are less than 6.9 % for the octahedral microstructure and not greater than 4.0 % for the

(a) (b)

Figure 17: Meshes of the heterogeneous test structure containing: (a) the octahedral mi-
crostructure, (b) the cubic microstructure, each with 4× 1× 2 unit cells.

(a) (b)

Figure 18: Non-boundary-fitting FCM meshes of the fully resolved octahedral microstructure:
(a) stiff constituent, (b) damping constituent.
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cubic one. This error is most likely even lower in the case of smaller-sized unit cells, due to

the better separation of scales.

4 Conclusions

In this paper, a computational study was carried out on periodic lattice structures made of

steel and filled with polymer. Their effective material parameters were obtained by numerical

homogenization. To this end, geometrically complex unit cells were discretized with FCM. The

considered structures showed relatively high stiffness and good damping properties. Further-

more, the influence of geometric and material parameters was investigated. For example, it

was found that a higher Young’s modulus of the damping material does not only considerably

Table 8: Relative errors of the peak accelerances determined by the homogenization-based
models with respect to the heterogeneous models.

octahedral microstructure cubic microstructure

conforming mortar-based conforming mortar-based

natural δdirk δindk δdirk δindk δdirk δindk δdirk δindk
mode k [%] [%] [%] [%] [%] [%] [%] [%]

4 3.08 0.39 6.86 2.72 1.38 3.91 2.95 0.03

(a) (b)

Figure 19: Mean accelerance Y dir and Y ind for various representations of the octahedral mi-
crostructure: (a) directly excited component, (b) indirectly excited component.
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(a) (b)

Figure 20: Mean accelerance Y dir and Y ind for various representations of the cubic microstruc-
ture: (a) directly excited component, (b) indirectly excited component.

increase the stiffness but also the damping capacity of the composite.

The effective material parameters were then used in FE models of an assembly, where the

respective microstructures were placed between the components in the form of damping lay-

ers. The FE models were partly based on a modified mortar formulation that considers such

damping layers in a weak sense. Therefore, they did not need to be resolved explicitly with

finite elements and the components could be discretized independently from each other, which

resulted in a lower effort for modeling and computation. In the frequency response analysis,

the mortar-based models showed a good agreement with those employing a conforming mesh.

Also, a significant reduction of the vibrations due to the composite layers was observed in each

component. Furthermore, the homogenization approach was verified by numerical models that

fully resolve the microstructures of the damping layers.

The present work is only part of a wider effort towards the development of a simulation-

based framework to design and verify AM composite microstructures that exhibit extraordinary

mechanical properties. The studies can be extended to other constituent materials and, apart

from the application to damping layers, the investigated composites can serve as functionally

graded materials for complete large-scale structures. Moreover, measurements on 3D-printed

specimens are needed to validate the computational results and to investigate additional aspects
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such as strength and fatigue life. Simulations based on micro-CT images instead of the original

designs might be necessary to match the experiments with higher accuracy. Nevertheless, also

for this task, the presented numerical methods are well suited.
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