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Abstract

Lightweight structures are susceptible to vibration due to their reduced mass.

However, conventionally used techniques to avoid high vibration amplitudes

(such as increasing the mass and/or applying damping mechanisms) are con-

tradictory to the original goal of designing a lightweight structure. An increase

of eigenfrequencies above external, exciting frequencies helps to prevent reso-

nance phenomena. Here, we use a combined design and optimisation method

to generate irregular lattice structures to investigate their potential of reaching

much higher eigenfrequencies than those of regular structures, while retaining

low weight and high stiffness. We generate parametric constructions of lattice

structures with different degrees of structural irregularities, including regular

lattices with constant and functionally graded strut cross-sections, and irregu-

lar lattices. Evolutionary strategic optimisation is used to maximise the first

eigenfrequency. Geometric restrictions associated with selective laser melting

are considered, and three optimised lattice structures are manufactured in se-

lective laser melting using aluminium (AlSi10Mg). Their eigenfrequencies are

measured in vibration experiments with a shaking table. Our approach allows

the efficient generation of more than 500 lattice structures. The results show
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that by using irregular lattice structures, the first eigenfrequency is increased

by 58% compared to a regular lattice structure of the same mass. The numeri-

cally obtained eigenfrequencies coincided well with the experimental results. It

is argued that the implementation of higher degrees of structural irregularities

allows the development of solutions with even higher first eigenfrequencies. In

conclusion, we show that irregular lattice structures have a high potential to

manipulate the eigenfrequencies of lightweight structures.

Keywords: biologically inspired structures, damping, evolutionary strategic

multi-objective optimisation, parametric construction, vibration experiment

1. Introduction

Lightweight structures are susceptible to vibration because reduced masses

are more easily excited by external influences (such as vibrations and individ-

ual shocks) than those of heavy, massive constructions [16]. In other words,

lightweight structures tend to ‘rattle’ more than heavyweight structures. Tra-5

ditional methods of reducing high vibration amplitudes include increasing the

mass and/or structural damping [3]. However, this often contradicts the original

design goal of generating lightweight structures. A different approach to avoid

resonance phenomena is to increase eigenfrequencies above external, exciting

frequencies due to geometric changes.10

Most technical lightweight structures, such as typical honeycomb sandwich

constructions, lattice structures or steel girders used for planes, buildings, or

cranes have mostly regular periodic geometries. However, natural lightweight

structures are often highly complex and irregular, even if they follow the same

basic construction principles of using ribs, lattices, and honeycombs [13]. In15

particular, planktonic organisms with biomineralised cell covers (such as di-

atoms and radiolarians) have developed an extremely high diversity of irregular

structures. In contrast to technical production processes (with the exception

of 3D-printing, to a certain extent) the natural process of morphogenesis (gen-

eration of forms) in diatoms and radiolarians allows the production of almost20
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any form, including irregular lattice structures [12, 25, 27]. The feeding tools

of copepods feeding on diatoms have been shown to vibrate, and an adaption

to this specific load case would provide an evolutionary advantage. Aside from

this, little is known about the purpose of diatom cell covers as a result of chal-

lenges related to acoustic properties. However, it is obvious that the concept to25

generate, optimise, and apply such highly complex irregular structures allows

the substantial manipulation of vibration properties [14].

Cellular structures including foams, honeycombs and regular lattice struc-

tures have been a common subject of current research. They can be divided into

stochastic (foams) and periodic (honeycomb and lattice) cellular structures. An30

overview on the properties of foams and lattices was provided by Ashby [4].

Besides their lightweight potential, cellular structures exhibit high energy

absorption during compression [41, 15], good heat-dissipation (cooling) perfor-

mance, and highly efficient cross-flow heat exchange [11, 35]. Several studies on

periodic and stochastic cellular structures have emphasised the enhanced per-35

formance of periodic structures compared to stochastic structures of the same

relative density, e.g., higher stiffness and strength [10, 11, 36].

Regarding the impact of structural irregularities on mechanical properties,

Silva et al. [30] studied two-dimensional cellular solids, and demonstrated that

the elastic properties of honeycombs almost conformed to those of irregular40

arranged cell walls of the same density. However, later studies by Van der

Burg et al. [34], Zhu et al. [42], and Zhu et al. [43] revealed that the Young’s

modulus increased significantly with an increase in the irregularity of the cell

arrangement.

The potential to use irregular versatile structures for multi-functionality [11]45

makes them highly useful in a broad field of applications. The growing interest

regarding cellular structures coincides with the improving additive manufactur-

ing possibilities, which allow the fabrication of complex lattice structures using

different materials [33].

While most research has investigated the mechanical properties of complex50

cellular structures, little is known about their dynamic properties, particular
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their vibration properties. Several studies have been conducted on sandwich

beams. Sandwich structures are likely to have high eigenfrequencies because of

their large bending stiffness per mass [11], which has been confirmed by com-

paring a solid beam with a sandwich beam of the same mass [17]. Ruzzene [26]55

studied the vibration and acoustic behaviour of sandwich beams with honey-

comb truss cores. Several studies showed that the eigenfrequencies of sandwich

beams are sensitive to the lattice core design [6] and to other geometric param-

eters, e.g., to an increase in the core thickness of a sandwich beam with a lattice

truss core [17, 18, 39].60

Regarding two-dimensional honeycomb structures, Wang and Stronge [38]

proposed an integral method to solve regular honeycombs under dynamic loads.

Sorokin et al. [31] actively shifted the eigenfrequency of a sandwich plate with

a honeycomb core owing to parametric stiffness modulation by changing the

orientation of cell elements. Banerjee and Bhaskar [5] showed that macroscopic65

cellular structures can be abstracted as a homogeneous continuum to calcu-

late low eigenfrequencies, which helps to reduce computing effort in obtaining

eigenfrequency values.

A lattice can be defined as a connected network of struts [4]. There have

been few studies published regarding the analysis of the dynamic properties of70

‘larger-scaled’ lattice structures. Yan et al. [40] conducted compression tests

on additive manufactured, stainless steel regular lattice structures based on dif-

ferent unit cells. Their results indicated a Young’s modulus decrease with an

increase in unit cell size. Ozdemir et al. [24] also conducted compression ex-

periments on additive manufactured regular lattice structures and showed that75

the structures reduced the peak impact stress by temporally spreading the im-

pact loading. Maskery et al. [19] found that the cell size of a metal lattice

structure has a significant impact on the failure mechanism under compression.

Implementing post-manufacture heat-treatment leads to reduced peak stresses

at the same amount of compressive deformation. Maskery et al. [20] showed80

that functionally graded regular lattice structures lead to far higher energy ab-

sorption during compression than non-graded regular lattice structures of the
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same mass. Studies on functionally graded foams [8, 22] and honeycombs [23, 9]

also demonstrated improved mechanical properties under compression and an

enhanced capability of sound absorption. Maskery et al. [21] analysed the me-85

chanical properties of different triply periodic lattice structures of the same mass

based on gyroid, diamond, and primitive unit cells. The additive manufactured

structures made out of polymer were tested under tension and compression and

were also simulated. They showed that the lattices deformed differently depend-

ing on their unit cell geometry.90

Very few studies have investigated the vibration characteristics of irregular

lattice structures. Syam et al. [32] studied different regular lattice structures in

vibration isolation applications. They conducted simulations and experiments

of additively manufactured lattices made out of Nylon 12 for validation and

examined large differences in eigenfrequencies of regular lattice structures based95

on different unit cells. They showed that the first lattice eigenfrequency was

proportional to both
√

k
m and to

√
I
m . However, the masses of their models

differed up to 20% and may have had a significant impact on the eigenfrequency.

Besides the graded lattice structures analysed by Maskery et al. [20], all

the above-mentioned studies used regular (periodic) lattice structures. More-100

over, little effort has been made to analyse the vibration properties of lattice

structures or to maximise their eigenfrequencies. The first study on biologically

inspired lattice structures indicated the high potential of these complex struc-

tures to maximise eigenfrequencies [1]. In addition, the application of these

irregular lattice structures to magnet-girder structures of particle accelerators105

has been discussed [2].

Altogether, as an increase in eigenfrequency can substantially reduce the

dynamic response of a structure [29], an eigenfrequency maximisation is of great

interest for many technical applications.

Here, we show a design and optimisation method for regular and irregular110

lattice structures and investigate the potential of irregular lattice structures to

manipulate eigenfrequencies as compared to regular structures. The investiga-

tion was divided into three steps: lattice design and optimisation, vibration
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Figure 1: Design and optimisation process.

measurements, and further lattice optimisations (see Appendix A).

2. Material and method115

2.1. Lattice design and optimisation

To evaluate the impact of structural irregularities on vibration character-

istics, three lattice structures were designed and simulated: (a) regular lattice

with constant cross-sections, (b) regular lattice with irregular cross-sections, and

(c) irregular lattice with irregular cross-sections. The software Rhinoceros (ver-120

sion 6 SR10, Robert McNeel & Associates) with its plug-In Grasshopper R© (ver-

sion 1.0.0007, Robert McNeel & Associates) allowed a parametric and algorithm-

based development and variation of the lattice structures. The additional Grass-

hopper R©-based module ELISE (version 0.1.3, www.elise.de) offered algorithms

to create biologically inspired lattice structures, and permitted the construc-125

tion of the entire design and simulation process (Fig. 1). The solver OptiStruct

(Altair R© HyperWorks R© Version 2017) was used to obtain the numerical results

of the finite element analysis models.

Each lattice was constructed inside a defined design space (Fig. 2), which was

connected to four blocks with bore holes to screw the lattice onto an adapter130

plate during the subsequent vibration measurements. While the four blocks were

meshed with solid elements (CTETRA), the lattice struts were incorporated

as beams (CBEAM) connected to the blocks via RBE3 elements. The blocks’
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Figure 2: a) 3D view, b) top view, and c) side view of the lattice design space.

lower surfaces were mounted. The aluminum alloy AlSi10Mg (Young’s modulus:

75,000 MPa, density: 2.7 · 10−9 t mm−3, Poisson’s ratio: 0.33) was defined as a135

lattice material. A modal load case was specified to obtain the structure’s

eigenfrequencies. The three types of lattices were designed as follows:

a) Regular lattice with constant cross-sections (Lattice 1): This lattice was based

on a simple unit cell composed of four diagonal struts (Fig. 3a). A parameter

study varying the number of unit cell repetitions in each axis from 2 to 8 for140

axes x and y and from 1.5 to 7.5 for axis z was conducted. The circular strut

cross-section with a diameter of 2.08 mm remained constant. Regarding the

evaluation, only lattice structures with angles between the strut and the hori-

zontal axis of more than 35◦ were considered, as demanded by the subsequent

additive manufacturing process. The lattice structure with the lowest mass at145

a first eigenfrequency of 1,500 Hz (value given by the later-used test facility

operating sphere) was chosen as test body L1.

b) Regular lattice with irregular cross sections (Lattice 2): This lattice configu-

ration corresponded to the chosen L1 structure. To provide varying diameters

of the circular cross-sections along one strut, each strut was divided into three150

to five sections, depending on the strut length. The parametric strut diameters

were interpolated as shown in Fig. 4, considering the lower design space-surface

as the attractor. The parameter definition ranges and starting values are sum-

marised in Tab. 1.

The cross-section optimisation was conducted using an evolutionary algo-155
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Figure 3: Unit cell of the regular lattices exemplarily shown for a cube (a). The unit cell

was repeated twice in all three axes (b). Based on a specified point distribution inside a

defined cylindric design space (c), an irregular lattice was built by connecting each point to

its neighbouring points (d).
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Interpolated value

Distance from
attractor

Figure 4: Schematic illustration of data interpolation based on an area governed by an at-

tractor value, a global area ruled by a global value, and a transition area in between defined

by a decay factor.

Table 1: Parameter definition ranges and starting values for lattice cross-section interpolation.

Global Attractor Attractor Attractor

diameter diameter area height decay factor

Range 2.00-3.00 mm 1.50-2.30 mm 30-50 mm 1.0-2.0

Starting value 2.50 mm 1.90 mm 40 mm 1.1
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Figure 5: Optimisation and evaluation process.

rithm implemented in the Grasshopper R© optimiser ‘Octopus’ allowing the defi-

nition of various objectives. Two objective functions obj1 and obj2 were defined

as followed:

obj1 = −f1 (1)

obj2 = |m−mL1| (2)

where f1 is the first eigenfrequency, m the structural mass and mL1 the struc-160

tural mass of the chosen L1 structure. Both objective functions formed the

fitness in equal parts.

The optimisation and evaluation process is shown in Fig. 5. The gene pool

contained 100 structures, and the population size P was 50. Evaluating the

last generation lattice structures, the lattice structure with the highest first165

eigenfrequency at a maximal mass difference of 0.5% compared to mL1 was

selected as the test body.

c) Irregular lattice with irregular cross-sections (Lattice 3): The irregular lattice

design was based on a point distribution inside the design space. The point

distribution density was interpolated as previously illustrated in Fig. 4 with the170

design space centre point as the attractor. By connecting each point to a varying

number of neighbouring points, the lattice struts were constructed (Fig.3d).
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Table 2: Parameter definition ranges and starting values for Lattice 3 optimisation.

Point distribution density interpolation

Global Attractor Attractor Attractor

distance distance area radius decay factor

Range 10.0-40.0 mm 5.0-40.0 mm 2.0-4.0 mm 5-20

Starting value 25.0 mm 22.5 mm 3.0 mm 13

Connecting neighbouring points to build the lattice

Number of Min. angle Min. angle

neighbours between strut between

and horizontal two struts

Range 5-30 35◦-60◦ 20◦-60◦

Starting value 18 48◦ 40◦

Strut cross-section diameter interpolation

Global Attractor Attractor Attractor

diameter diameter area height decay factor

Range 1.5-5.0 mm 1.5-5.0 mm 10-40 mm 2.0-4.0

Starting value 3.3 mm 3.3 mm 25 mm 3.0

In the case of two struts forming an angle smaller than 20◦, the larger strut

was discarded to avoid disorder. The irregular cross-section diameters were

interpolated analogous to Lattice 2. All parameter definition ranges and starting175

values (middle value of each range) are listed in Tab. 2.

The optimisation process was conducted in the same way as that of Lattice 2.

However, the gene pool contained 200 structures, and the population size was

augmented to 100 because of the higher number of parameters. To conform with

Lattice 2, all lattice structures of the last generation were evaluated. The chosen180

test body corresponded to the lattice with the highest first eigenfrequency at a

maximal mass difference of 0.5% compared to mL1.

The three lattice test bodies chosen were transferred into 3D models and

meshed with CTETRA elements (element size 0.5 mm). Modal analyses with
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boundary conditions in analogy to the beam models led to structural eigenfre-185

quency values of the solid models. Both the beam and solid models were also

calculated considering three accelerometers each as a point mass of 0.6 g, which

were implemented in the subsequent vibration measurements.

To compare the first eigenfrequencies obtained by the beam model f1,beam

and the solid model f1,solid, the differences δ were calculated as follows:190

δ =
f1,solid − f1,beam

f1,solid
· 100 [%] (3)

The three lattice test bodies were manufactured out of AlSi10Mg using the

selective laser melting additive manufacturing system EOS M 290.

2.2. Lattice vibration measurements

The vibration measurements were performed at the German Aerospace Cen-

ter (DLR) vibration laboratory in Bremen, Germany. During measurements,195

the cleanroom (class ISO 8) had a constant temperature of 20.5± 0.5◦C at

ambient pressure and a constant humidity of 57.5± 1.5% rF. The test facility

TIRAvib 51010 / LS (TIRA GmbH) was used.

The test bodies were screwed to an aluminum adapter plate as shown in

Fig. 6. Two uniaxial accelerometers (Delta Shearr, Type 4371, Brüel & Kjær)200

controlling the vertical movement of the shaker, and one triaxial accelerometer

(Triax-ICPr, Type 356A33, PCB Piezotronics, Inc.) were fixed with resin to

the adapter plate. Each test body was equipped with three uniaxial accelerom-

eters (Delta Shearr, Type 4517-C, Brüel & Kjær) at three different positions

connected to a charge amplifier (Type 2692 Nexus, Brüel & Kjær).205

Vertical acceleration considering sinusoidal and random vibration was ap-

plied to each of the three test bodies. Random vibration was employed for

4 min per test body with a frequency resolution of 0.5 Hz. Sine-up and sine-

down sweeps were then conducted with a sweep rate of 1 Hz s−1. The vibration

test levels are summarised in Tab. 3.210

For each test body, the first three eigenfrequencies and the vibration am-

plitude were calculated. Differences between the solid model and the measure-
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Figure 6: a) 3D and b) top view of the vibration test setup for L1 lattice structure includ-

ing uniaxial control accelerometers C-Z1 and C-Z2, a triaxial accelerometer on the adapter

plate AP, and three uniaxial accelerometers on the lattice structure AL-X, AL-Y, and AL-Z.

Table 3: Sinusoidal (a) and random (b) vibration test levels.

Test body Frequency range Level Overall level

a) Lattice 1 (L1) 600 - 2,500 Hz 1.0g -

Lattice 2 (L2) 1400 - 3,000 Hz 1.0g -

Lattice 3 (L3) 2000 - 4,000 Hz 1.0g -

b) Lattice 1 (L1) 500 - 2,500 Hz 5.0 · 10−4 g2 Hz−1 1.000 gRMS

Lattice 2 (L2) 500 - 2,500 Hz 5.0 · 10−4 g2 Hz−1 1.000 gRMS

Lattice 3 (L3) 500 - 4,000 Hz 3.0 · 10−4 g2 Hz−1 1.025 gRMS
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Figure 7: Half-power bandwidth method.

ment results were obtained by equation (3). The half-power bandwidth method

demonstrated in Fig. 7 was used to estimate the damping ratio for the first eigen-

frequency in excitation direction z of each test body. This method assumes a215

symmetrical response curve, light damping, and no effect of neighbouring modes

on the analysed mode [7]. The damping ratio ζ was defined as

ζ =
1

2

fmax − fmin

f0
(4)

here f0 denotes the resonance frequency and fmin and fmax the frequencies at

the half-power amplitude Ymax√
2

.

The calculated damping ratios for the first eigenfrequency were applied to the220

frequency-response analysis of each structure to assess the consistency between

simulations and measurements.

2.3. Further lattice optimisation

The initial optimisation round comprised first eigenfrequency maximisations

of different lattice structures, including the structure fabrication and the exe-225

cution of experiments. Additional optimisations were then conducted to inves-

tigate the possible development of further-improved lattice structures. Based

on the optimised lattice structures for Lattices 2 and 3, the parameter defini-

tion ranges were confined so that the parameter values of the printed structures
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remained inside the newly defined ranges. For both Lattices 2 and 3, optimisa-230

tions configured as previously were conducted, and the results were evaluated

likewise, leading to the best structures L2* and L3*.

To analyse whether the acceptance of struts oriented less than 35◦ to the

horizontal leads to structures with higher eigenfrequencies, another optimisation

was conducted. Here, the lattice generation and the optimisation approach were235

based on those of Lattice 3, but the minimum angle between the struts and

the horizontal plane was set to 0◦. After obtaining the best lattice structure

based on the specified evaluation method (Lattice L4), the parameter definition

ranges were reduced around the parameter values of the obtained best lattice

structure as before. Furthermore, the maximum number of generations was240

changed from 20 to 40 to provide a longer optimisation process. The evaluation

method led to the best lattice structure L4*.

3. Results

3.1. Lattice design and optimisation

Fig. 8 shows the parameter study results filtered by a minimum angle be-245

tween the strut and the horizontal of 35◦. The lattice structure revealing the

lowest mass of 127.7 g at a first eigenfrequency of 1,500 Hz was chosen. It was

built by three, four and three and a half unit cell repetitions in the x, y and z

axes, respectively.

Fig. 9a shows the structures forming part of the last generation developed250

during the optimisation process. The structure with the lowest mass difference

compared to Lattice 1 of 0.03 g and a first eigenfrequency of 1,615 Hz was se-

lected as the test body. The global cross-section diameter was 2.41 mm, the

diameter at the attractor was 1.79 mm, the attractor space height was 40 mm

and the attractor decay factor was 1.1. Thus, the application of the strut diam-255

eter grading from larger diameters at the lower part of the structure to smaller

diameters at the top led to an eigenfrequency increase of 7.7% compared to that

of lattice L1.
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Table 4: Defined parameter values for the chosen L3 lattice structure.

Point distribution density interpolation

Global Attractor Attractor Attractor

distance distance area radius decay factor

Value 36.5 mm 16.0 mm 2.5 mm 12

Connecting neighbouring points to build the lattice

Number of Min. angle Min. angle

neighbours between strut between

and horizontal two struts

Value 18 59◦ 33◦

Strut cross-section diameter interpolation

Global Attractor Attractor Attractor

diameter diameter area height decay factor

Value 2.5 mm 2.1 mm 22 mm 2.5

Fig. 9b shows the last generation structures for Lattice 3. The structure with

the lowest mass difference compared to structure L1 of 0.55 g and a first eigenfre-260

quency of 2,430 Hz was chosen as the test body. Tab. 4 summarises the defined

parameter values for reaching the chosen lattice design. The obtained lattice

structure’s eigenfrequency was increased by 62% compared to the L1 structure.

The three chosen lattice structures L1, L2 and L3 are illustrated in Fig. 10. L2

differs from L1 by showing graded cross-section diameters from smaller values265

at the bottom to higher values at the top. The irregular lattice structure L3

has two symmetry axes parallel to the XZ and the YZ plane.

Tab. 5 summarises the first eigenfrequencies for the three test bodies ob-

tained by the beam and the solid model as well as by neglecting or including

the accelerometers. Inclusion of the accelerometers resulted in slightly lower270

frequency values for both models. The eigenfrequencies obtained by the beam

models including the attached accelerometers were about 7% to 22% lower than

that of the solid models. The masses of L1, L2, and L3 showed only small
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Figure 10: a) Top view, b) side view, and c) 3D view of the lattice structures L1, L2 and L3.

differences for both models. However, the conversion of the beam models into

solid models led to a slight decrease in mass up to 7%.275

The structural masses of the manufactured lattice structures L1, L2 and L3

were 124.9 g, 124.6 g and 123.4 g, respectively, and differed less than 5% from

the solid model masses (Tab. 5).

3.2. Lattice vibration measurements

The obtained first eigenfrequencies of the three lattice structures by applying280

random vibration and by sine-up and sine-down sweep are shown in Tab. 6.

The random and sine sweep eigenfrequency values coincided very well. For L1

and L2, the three accelerometers measured the same eigenfrequency values.

However, the first eigenfrequency in the z direction of L3 was significantly higher

than that in the x- and y-direction.285

Tab. 6 also lists the calculated damping ratios for the three structures using

the half-power bandwidth method. Lattice L3 showed the lowest damping ratio

of 0.0026 for the first eigenfrequency in excitation direction z followed by L1 with
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Table 5: First eigenfrequencies in Hz of the three test bodies L1, L2, and L3 obtained by the

beam model and solid model, both with accelerometers (acc.) neglected (negl.) and included

(incl.), as well as the model masses in g and the eigenfrequency difference of the beam and

solid models with accelerometers included.

Beam model Solid model Difference

acc. negl. acc. incl. mass acc. negl. acc. incl. mass acc. incl.

L1 1,500 Hz 1,471 Hz 127.7 g 1,925 Hz 1,895 Hz 119.3 g 22.4%

L2 1,615 Hz 1,586 Hz 127.7 g 2,073 Hz 2,028 Hz 119.1 g 21.8%

L3 2,430 Hz 2,404 Hz 127.2 g 2,619 Hz 2,581 Hz 121.4 g 6.9%

Table 6: Measured first eigenfrequencies based on random and sinusoidal-up and -down excita-

tion and calculated damping ratios for the first eigenfrequency based on sinusoidal excitation.

First eigenfrequency (Hz) Damping ratio (-)

Random Sine up Sine down Sine up Sine down Average

X 1,812 1,809 1,807

L1 Y 1,811 1,814 1,815

Z 1,810 1,809 1,807 0.0044 0.0043 0.0044

X 1,995 2,009 2,010

L2 Y 1,995 2,007 2,008

Z 1,995 2,003 2,005 0.0104 0.0096 0.0100

X 2,565 2,568 2,570

L3 Y 2,565 2,568 2,570

Z 3,877 3,877 3,879 0.0026 0.0026 0.0026
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Figure 11: Frequency response curves for L3 obtained by experiment and simulation using a

solid model including accelerometers with a damping ratio of 0.0026.

Table 7: First eigenfrequency obtained by simulation using a solid model including accelerom-

eters and by measurements based on sinusoidal-up excitation.

Simulation Measurement Difference

L1 1,895 Hz 1,809 Hz 4.5%

L2 2,028 Hz 2,003 Hz 1.2%

L3 2,581 Hz 2,568 Hz 0.5%

0.0044. The highest damping ratio of 0.01 was calculated for L2. Applying the

averaged damping ratios to the frequency-response analysis showed response290

curves similar to the measured values as shown in Fig. 11 for L3. The peak

position values of 3,725 Hz for the simulation and 3,877 Hz for the experiment

differed by 3.9%, whereas the peak height of 17.3 for the experiment was 23.7%

higher than the simulation peak height of 13.2.

Comparing the numerically obtained eigenfrequencies of the solid model with295

attached accelerometers with the measured eigenfrequencies showed a difference

of less than 5% (Tab. 7). For all structures, the numerically obtained values were

slightly higher.

3.3. Further lattice optimisation

The measured data coincided well with the numerical data of the solid mod-300

els, therfore, the solid model results were also considered in the further lattice
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Figure 12: a) First eigenfrequencies obtained numerically using solid models including ac-

celerometers and b) mass values obtained numerically using solid models normalised with a

L1 mass of 119.3 g.

optimisations. Fig. 12a shows the first eigenfrequency of the four lattice struc-

tures and the further-optimised lattice structures L2*, L3*, and L4*. Although

there was only a slight difference in the eigenfrequency values of L2 and L2*,

further optimisations led to significantly higher first eigenfrequencies for L3*305

and L4* compared to the lattice structures of the first optimisation. Alto-

gether, the first eigenfrequency was increased by 58% comparing L4* to L1. All

lattice masses differed less than 3% from the L1 solid mass (Fig. 12b).

The chosen lattice structures of each model are shown in Fig. 13. While L2*

was very similar to L2, the struts and their cross-sections of L3* differ from L3.310

The lattice structure L4* shows a higher complexity than L4.
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4. Discussion

4.1. Lattice design and optimisation

The lattice design method used allowed the development of lattice structures

with increasing degrees of structural irregularity involving an enhancement of315

the structural eigenfrequencies. It was possible to increase the first eigenfre-

quency by 7% from L1 to L2 and by 36% from L1 to L3. Using beam models

facilitated the optimisation procedure because far less computational time was

required in comparison to that of the solid models.

The regular lattice with constant cross-sections L1 was based on a simple unit320

cell with diagonal struts. Considering the vibration analyses of different regular

lattice structures conducted by Syam et al. [32], it is likely that the inclusion of

horizontal struts into the unit cell forming the structure L1 leads to higher first

eigenfrequency. However, as our aim was to meet the fabrication requirements of

the angles between the struts and the horizontal of more than 35◦, the horizontal325
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struts were neglected.

The optimisation results for Lattice 2 and 3 showed an increase in the first

eigenfrequency with an increase in the mass difference compared to the struc-

tural mass of L1. Regarding a single degree of freedom (SDOF) system, the

eigenfrequency f0,SDOF depends on the stiffness k and the mass m and is de-330

fined according to Schmitz and Smith [28] as

f0,SDOF =
1

2π
·
√
k

m
(5)

Note that a larger lattice mass can lead to a lower eigenfrequency. However,

the increasing mass owing to changes in the lattice structures results in a higher

stiffness and thus to enhanced eigenfrequencies.

The defined optimisation objectives led to structures with high eigenfrequen-335

cies and low mass differences. However, most of the last-generation structures

showed masses exceeding the aimed 0.5% mass difference compared to the mass

of L1, and were therefore neglected. The first eigenfrequencies of the chosen L2

and L3 structures were among the lowest first eigenfrequencies of all structures

forming the last generation while complying with the weight limit. It is likely340

that improving the definition of the optimisation objectives will result in more

structures with acceptable (e.g. lower) mass differences, e.g., by implementing

the mass difference constraint directly into the evolutionary algorithm.

The cross-sections of the structure L2 were graded from a thinner cross-

section diameter at the bottom to a higher diameter at the top. The results345

showed that the applied small-scale grading led already to an eigenfrequency

increase of almost 8%. Maskery et al. [20] also showed that the implemen-

tation of grading to regular lattice structures leads to improved properties at

similar masses. However, they analysed the energy absorption capacity under

compression.350

The conversion of the beam models into solid models led to a slight decrease

in mass, because the strut intersection points were combined to form one solid

connection. This connection was stiffer than the connection simulated in the

beam model. Therefore, the overall first eigenfrequency was also higher. As L1
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and L2 were quite similar, the differences between the beam and solid model355

results coincided. However, for L3, the differences between the beam and solid

model were far less because of the lower number of strut intersection points

compared to that of L1 and L2. Accordingly, there was a smaller increase in

stiffness in the solid model compared to the beam model for structure L3 and

consequently a smaller increase in the first eigenfrequency.360

4.2. Lattice vibration measurements

The measurements were successful, because the obtained first eigenfrequency

of the random and the sine-up and -down excitation coincided very well. More-

over, the numerical results of the solid models corresponded to the measurement

results by more than 95%. The slightly higher simulation results might be be-365

cause of the high stiffness of the fixed support in comparison to the fixation

of the lattice structures with four screws to the adapter plate during measure-

ments. Thus, the higher stiffness led to slightly higher eigenfrequencies in the

simulation.

The masses of the additive manufactured structures hardly differed from370

those of the solid model masses indicating a successful manufacturing process.

However, the manufactured lattice structures were not analysed in detail to

check for the existance of cracks or micro-structural imperfections.

Previous studies comparing numerical results with measurements on additive

manufactured lattice structures revealed higher differences between simulation375

and measurement results of 4% to 14% for eigenfrequencies [32] and 4% to 18%

for elastic moduli [21]. In both studies, these differences were justified with

imperfections in the material properties and, in the second case, with a high

surface roughness of the additive manufactured structures which can lead to

a reduction in stiffness. However, the differences between measurements and380

simulations were quite low in the present study. Consequently, the conducted

simulations can be declared as validated, and the numerical results of the further

lattice optimisations can be assumed to represent reality.

The calculated damping ratios were the highest for L2, followed by L1
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and L3. For all three lattice structures, the damping ratios of the sine-up385

and -down excitation coincided very well, although the values were rather low.

Considering the analysis of Wang et al. [37] on estimating the possible error

by using the half-power bandwidth method for calculating damping ratios, the

obtained damping ratios have to be treated with caution, because the method

is originally based on the frequency response of a single degree of freedom sys-390

tem and might thus overestimate the damping ratios. However, the numerically

obtained frequency response curve showed good conformity with the measure-

ments, especially regarding the peak positions. The existing differences in the

amplitude values might indicate an overestimation of the damping ratio in the

simulation, because the consideration of the calculated damping ratios in the395

simulation led to lower amplitudes than in the experiments.

Separate systematic investigations to analyse the damping properties of lat-

tice structures with different degrees of structural irregularities would be highly

promising for potential applications, because eigenfrequencies apparently do not

correlate with damping properties.400

It was not possible to verify the calculated eigenmodes of the lattice struc-

tures experimentally, because the three uniaxial accelerometers were placed at

different locations. In continuative studies, the lattice structures should be

equipped with more triaxial accelerometers to measure not only the eigenfre-

quency, but also the mode shape. This also allows a more precise characterisa-405

tion of the damping ratios of each lattice structure. In this study, however, the

intention of the vibration measurements was to obtain the eigenfrequencies to

validate the simulation results.

4.3. Further lattice optimisation

The evolutionary strategy was used to generate optimised lattice structures,410

because it allowed the generation of multiple optimised structures that repre-

sent a compromise of various defined objectives. Moreover, the evolutionary

strategic optimisation can be applied to optimisation problems including many

parameters and large parameter definition ranges, whereas the conduction of a
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parameter study involving the analysis of all parameter combinations would not415

have been possible. However, although elitism of 50% was specified to avoid local

optimisation, the optimisation results of this approach might still not include

the best possible lattice structures. Therefore, further lattice optimisations

were conducted based on the results of the first optimisations. The aim was to

develop lattice structures with even higher first eigenfrequencies. The results420

showed only a slight eigenfrequency improvement of 0.4% for Lattice 2. This

indicates that the first optimisation had already generated an almost optimal

lattice structure under the defined constraints. Regarding Lattice 3 and 4, how-

ever, further optimisations led to significantly improved lattice structures. This

indicates that conducting lattice optimisation in two steps is a valid approach425

to exploit the full potential of the respective lattice design concepts.

It is important to point out that the structure L4 clearly showed a higher

first eigenfrequency than that of the structure L3. Thus, the implementation of

nearly horizontally oriented struts into an irregular lattice seemed to enhance

the eigenfrequency. Similar results have been published by Syam et al. [32].430

Although they solely studied regular lattice structures based on different unit

cells, some of the unit cells contained horizontal struts. The lattice structures

with the lowest eigenfrequencies were lacking horizontal struts. However, the

additive manufacturing process of lattice structures including horizontal struts

involves the use of support structures which must be subsequently removed.435

Here, the first eigenfrequency of the further-optimised structure L3* was al-

ready quite close to the first eigenfrequency of the structure L4*, although the

latter contained nearly horizontal struts. This shows the possibility of designing

lattice structures with high first eigenfrequencies that meet the additive man-

ufacturing requirements to reduce the amount of support structures. However,440

it is likely that the implementation of higher degrees of irregularities and more

delicate structures would lead to even higher first eigenfrequencies. This should

be demonstrated in further studies focusing on eigenfrequency maximisation

without manufacturing restrictions.
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5. Conclusion445

We have shown that the generation and modification of complex irregular

lattice structures can be used to manipulate the eigenfrequencies of technical

lightweight structures in an evolutionary optimisation process. Thereby, the

potential to increase eigenfrequencies is a function of the permitted degree of

structural irregularities within the respective design concepts. While this ap-450

proach has the highest potential if the degree of complexity and irregularity

are not limited, substantial improvements can also be achieved under the typ-

ical geometric restrictions of 3D-printing or casting processes. We also found

first indications that a similar optimisation approach can be used to increase

the damping properties of lightweight structures. We conclude that complex455

irregular lattice structures have a high potential in the development of technical

lightweight solutions with significantly improved vibration properties.
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Appendix A. Overview of the study465

The conducted study contained a lattice design and optimisation, vibration

measurements, and further lattice optimisations (Fig. A1).
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