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Abstract
Vibration dampers play a crucial role in mitigating high-vibration amplitudes in engineering structures. However, in ap-
plications where lightweight and cost-effectiveness are paramount, the use of heavy and expensive dampers as additional
components appears counterintuitive. Implementing a low-weight high-damping mechanism in a system will not only help to
reduce the amplitude of vibration but also avoid resonance. This paper investigates irregular lattice configurations inspired
by diatoms, radiolaria, and glass sponges to serve as lightweight, high-stiffness, and damping mechanisms in a frequency-
dependent manner. Lattices featuring regular and irregular shapes with identical weights are designed and manufactured
with the selective laser sintering technique using polyamide 12 (PA12) as the material. Finite element analyses and vibration
tests in the range of 0–50 Hz are conducted to obtain the measured and numerical damping coefficient, stiffness, and loss
factor of each lattice. Subsequently, the results are analysed and compared across different lattice configurations. The
comprehensive findings indicate that lattices with higher structural irregularity, quantified using the proposed geometric
irregularity index Iirr, exhibit improved damping behaviour and stiffness across all studied frequencies. Furthermore, the bio-
inspired irregular lattices exhibit a more intricate and frequency-sensitive response while regular lattices exhibit a
smoother, monotonous decline in the loss factor and damping coefficient with increasing frequency. In conclusion, this
research indicates that incorporating irregular characteristics has a high potential to manipulate the damping behaviour of
lightweight lattice structures.
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1. Introduction

Vibration control is a critical aspect of engineering design to
ensure a system’s structural integrity and operational per-
formance (Zhu et al., 2024). High-vibration amplitudes can
lead to undesirable consequences such as reduced lifespan,
increased maintenance costs, and compromised function-
ality. Furthermore, designing lightweight structures presents
an additional challenge for engineers as they are much more
prone to vibrate and rattle (Baader and Fontana, 2017;
Ljunggren and Ågren, 2002). Regarding beam structures,
for example, the trend towards larger and lighter designs has
increased the flexibility, which leads to a dense distribution
of natural frequencies and intense non-linear behaviour
(Chen et al., 2025). Thus, the mitigation of high-vibration
amplitudes in lightweight engineering structures stands as a
pressing challenge. Classical approaches of vibration sup-
pression are vibration isolation (i.e. avoiding vibrations by
blocking their transmission paths) and vibration absorption

(i.e. dissipating the vibration energy) (Bai et al., 2025). Both
strategies can be active, semi-active, and passive. Undesired
vibrations in engineering structures are commonly avoided
employing dampers (Lu et al., 2023; Shah et al., 2023; Zhou
and Bao, 2025). However, the traditional approach of using
(heavy) dampers may not always be feasible, particularly in
applications where the lightweight aspect is of paramount
importance. As to the prevention of undesired vibrations,
non-linear vibrational metamaterials also show a high
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potential for vibration suppression, as reviewed by Bai et al.
(2025). One example is quasi-zero-stiffness vibration iso-
lators that contain both strong load-bearing capacity and
superior performance in low-frequency vibration isolation
based on a lightweight metamaterial (Feng et al., 2026).

With regard to technical lightweight structures, regular
structures are commonly utilised such as honeycomb sand-
wich constructions, lattice frameworks, and steel girders
employed in aircrafts, buildings, or cranes due to their ex-
cellent mechanical properties (Catchpole-Smith et al., 2019;
Do et al., 2020; Han and Lu, 2018; Valdevit et al., 2006).
Besides their lightweight potential (Gibson, 1989; Lin et al.,
2022), research shows that they exhibit damping capabilities,
for example, energy absorption during compression (Evans
et al., 2010; Maskery et al., 2017; Ozdemir et al., 2016).
Furthermore, regular lattices have also shown the ability to
isolate vibration (Azmi et al., 2022; Syam et al., 2018; Yin
et al., 2014). Syam et al. (2018) studied different strut-based
lattice structures aimed at improving the mechanical vibration
isolation of a machine frame while preserving its structural
integrity. Their findings revealed that by varying the strut
configuration, the vibration isolation capability can be ma-
nipulated without compromising the structural integrity. Li
et al. (2025) investigated structures based on a combination of
truss and plate concluding that the vibration mitigation and
energy absorption can be significantly altered by changing the
geometric parameters.

Aside from regular structures, irregular forms of lattices
have also received significant attention from both industry
and research community due to their versatility and the
significant improvement in mechanical properties and en-
gineering application over regular lattices. Several studies
have revealed that Young’s modulus increases significantly
with an increase in the irregularity of the cell arrangement of
lattice structures (Van der Burg et al., 1997; Zhu et al., 2000,
2001). Okubo et al. (2023) showed that by controlling the
level of irregularities in a lattice, a notable improvement in
compression resistance can be achieved. Wang et al. (2018)
used Voronoi tessellation to design an irregular lattice
structure, and through compression tests, discovered that
porosity and irregularity significantly affect material prop-
erties. Sienkiewicz et al. (2020) investigated gradient lattice
structures (unit cell size gradually changed) manufactured
with selective laser melting, including discrete, increasing,
and decreasing gradient structures, demonstrating their
distinct mechanical behaviours compared to regular lattices
which are valuable for energy absorption applications.

Apart from technical lightweight cellular structures, bi-
ological forms and shapes have long served as a rich source
of inspiration for bio-inspired lightweight engineering in-
novations offering remarkable solutions to complex prob-
lems, for example, Ashby and Gibson (1997); Gibson
(1985); Seki et al. (2010). Biological lightweight struc-
tures like the shells/skeleton of diatoms, radiolaria, or glass
sponges (Figure 1), for example, often exhibit a high degree

of complexity. The complex and irregular shell patterns and
structures of diatoms possess remarkable properties of ef-
ficiency, adaptability, and lightweight construction
(Adhikari, 2023; Hamm, 2005; Liu and Faisal, 2022; Round
et al., 1990). Hamm et al. (2003) showed that significant
energy is required to crush the diatom frustule in comparison
to their small size which demonstrates their remarkable
mechanical properties. More diatom-inspired studies in
diverse fields and applications can also be found in, for
example, Andresen et al. (2023); Bachir (2024); Breish et al.
(2023); D’Mello et al. (2022); Hamm et al. (2015);
Heinrichs et al. (2017); Li et al. (2022); Maier et al. (2013);
Wee et al. (2005).

Diatom shells protect the inside living organism. A high
diversity of diatom shell patterns has evolved in response to
different environmental challenges. Regarding the vibration
properties of these lightweight shells, it is expected that the
structural patterns are also adapted towards vibrational
loads, since copepods that feed on diatoms generate vi-
brations (feeding tools move at rates of 20–80 Hz) to crack
open the diatom shell (Koehl and Strickier, 1981).

Different numerical studies have concluded that diatom-
inspired irregular structures (2D cellular structures and 3D
lattices) and design method observed in diatoms, for ex-
ample, forming structures according to mode shapes, can
significantly manipulate eigenfrequencies, and are a
promising approach to design lightweight structures with
high eigenfrequencies (Andresen et al., 2020a, 2020b, 2024;
Andresen, 2021; Andresen and Ahmad Basri, 2024). Aside
from the increased eigenfrequencies of irregular structures
compared to regular ones, the introduction of irregular
cross-section diameters to lattice struts does also rise ei-
genfrequencies of 3D irregular (Andresen et al., 2020a) and
cubic lattice structures (Cheng et al., 2018).

Despite the abundance of research on regular and ir-
regular lightweight structures, there are only a few com-
prehensive investigations into the dynamic properties,
especially with a focus on damping properties. In a first
study on the damping properties of bio-inspired lattices,
Andresen et al. (2020a) measured the damping ratio of three
different lattices. However, due to the low number of studied
lattices, general statements could hardly be made. The
damping properties of regular lattice structures have been
investigated by Jiangwei et al. (2021); Monkova et al.
(2021); Scalzo et al. (2021). While the investigation from
Monkova et al. (2021) concluded that the damping be-
haviour decreases with an increase in eigenfrequency and
stiffness, in the other two studies, high-stiffness lattices
showed superior damping properties. Jiangwei et al. (2021)
studied three irregular (stochastic) lattices with different
general cell sizes demonstrating that the damping ratio
increases with increasing cell size. Aside from this, recent
research lacks detailed investigations on the damping be-
haviour of irregular lattices. Given that irregular structures
can place material in regions where it is most needed to
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enhance damping properties, and considering their superior
mechanical properties compared to regular lattices, it is
anticipated that bio-inspired irregular lattice structures will
exhibit improved damping properties.

The presented study aims to explore irregular lattices as
lightweight high-stiffness high-damping structures com-
pared to regular lattices. The objective is to show that the
studied irregular lattices outperform regular lattices in
stiffness and damping properties. Lattice design, additive
manufacturing, numerical FRA (frequency response ana-
lyses), and vibration experiments were considered in ad-
dressing the research question.

2. Materials and methods

In this chapter, the procedure (Figure 2) and methods of the
present research are summarised. To investigate the impact

of structural irregularities on damping characteristics, two
regular and six irregular lattices were designed using the
software Synera (Ver. Fabulous Freya, Synera GmbH,
Bremen, Germany), which allowed the development of
complex biologically inspired lattice structures (e.g. by
using field functions to gradually distribute points within a
volume that were connected to build the lattice struts, or to
define the distribution of the cross-section diameters of the
struts). The software HyperMesh and the numerical solver
OptiStruct (both Ver. 2019, Altair®HyperWorks®, Altair
Engineering, Inc., Troy, Michigan, USA) were utilised to
mesh all the structures, create the model setup, solve the
FRA, and perform the normal modes analyses. The post-
processing of the FRA results was performed using MAT-
LAB (Ver. R2023a, MathWorks, Massachusetts, USA) to
obtain the damping coefficient, stiffness, and loss factor.
These results were then compared with the
experimental data.

2.1. Lattice structure design and manufacturing

Each lattice structure was designed within the design space
illustrated in Figure 3. The dimensions of the design space
along the x-, y-, and z-axes were set to 105 mm, 76 mm, and
72 mm, respectively. At the ends of the design space, two
rectangular plates were included as the non-design space.
These plates, with bore holes, permitted the fixation of the
structure to the table and shaker during the experimental
test.

Ensuring consistent weight among all lattices was critical
so that any differences in damping were only affected by
structural adaptations. The six lattices were set to have a
constant mass of 0.057 ± 0.001 kg using polyamide (PA12)

Figure 1. Biological lattice structures observed in scanning electron microscopy images of (a) the diatom Isthmia sp., (b–e) different
radiolaria, and (f) a glass sponge (all images ⓒ AWI).

Figure 2. Workflow of the research.
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as the material. The material properties of PA12 are listed in
Table 1.

The lattice structure design has been inspired by diatoms,
radiolaria, and glass sponges (Figure 1). In the frame of
biomimetics and bioinspiration, the biological role models
have previously been studied and their lightweight design
principles have been characterised including ribbing
structures, hierarchical design structures, irregular strut
configuration patterns, and distinct unit cell types. In the
present study, the bio-inspired concepts of using regular unit
cells, variations in cross-section diameters, and complex
irregular strut configurations have been considered.

The lattice structures (see images of the CAD models in
the supplemental material) were constructed as follows:

(1) Regular lattice 1 (RL1) was based on a simple cubic
unit cell (SCC) pattern. While other unit cell designs
such as body-centred cubic and face-centred cubic
unit cells were initially considered, practical limi-
tations in available design space and manufactur-
ability led to the preference for SCC for creating the
regular lattice. The RL1 was built by a repetition of
6, 6, and 4 SCC unit cells in the x, y, and z directions,
respectively. The constant radius of the circular
cross-section of the lattice struts was 0.8 mm.

(2) Regular lattice 2 (RL2) was constructed based on
the same unit cell as RL1. However, the lattice had
only 3, 3, and 2 SCC unit cells in the x, y, and z
directions, respectively. The constant radius of the
circular cross-section of the lattice struts was
1.412 mm.

(3) Irregular lattice 1 (IL1) showed the same strut layout
as RL2. However, the varying strut cross-section
diameters gradually increased towards the centre of
the lattice. The radius of the struts ranged from
0.800 mm to 1.652 mm.

(4) Irregular lattice 2 (IL2) was based on a random point
distribution in which density decreased towards the
centre of the lattice. The connection of neighbouring

points resulted in the lattice layout. The constant
cross-section radius of the struts was 1.155 mm.

(5) Irregular lattice 3 (IL3) was based on a random point
distribution having a constant point density, that is, a
constant distance between neighbouring points of
36 mm. The uniform radius of the struts’ cross-
sections was 1.215 mm.

(6) Irregular lattice 4 (IL4) was constructed based on
the IL3 layout (see side-by-side comparison shown
in the supplemental material), but the cross-section
radius of the struts gradually increased towards the
lattice centre. The radius of the struts ranged from
0.800 mm to 1.290 mm.

A comprehensive overview of the geometric properties
of the lattices is shown in Table 2.

To provide a quantitative indication of structural irreg-
ularity, a geometric irregularity index Iirr was introduced.
The index combines the variation of strut cross-sections, the
spread of strut orientations, and variation of point spacing
nonuniformity, and is defined as

Iirr ¼ rmax � rmin
r

þ Θso

180°
þ dmax � dmin

d
(1)

r ¼ 1

2
ðrmax þ rminÞ (2)

Θso ¼ θmax � θmin (3)

Figure 3. (a) Isometric view, (b) side view, and (c) top view of the design (dark grey) and non-design (light grey) space. The dimensions
are given in mm.

Table 1. Defined material properties for polyamide PA12.

Property Value

Young’s modulus E (MPa) 2400
Density ρ (kg m�3) 1010
Poisson’s ratio ν (�) 0.40
Shear modulus G (MPa) 691.07
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d ¼ 1

2
ðdmax þ dminÞ (4)

where rmax, rmin, and r denote the maximum, minimum, and
mean strut radii, respectively, θmax and θmin represent the
maximum and minimum strut orientation angle in the
lattice, Θso denotes the angular spread of the strut orien-
tations, and dmax, dmin, and d denote the maximum,
minimum, and mean point-to-point distance. Thus, the first
term characterizes the degree of cross-section nonunifor-
mity, the second term quantifies the variation in strut
orientation, and the third term characterizes the spacing
nonuniformity between strut connecting points. All terms
are normalised to ensure dimensionless consistency. For
regular lattices with constant strut radii, orthogonal strut
orientations, and uniform point spacing, Iirr is zero. Larger
values of Iirr indicate a higher degree of geometric ir-
regularity arising from cross-section gradients, irregular
strut layouts, nonuniform point spacing, or a combination
of all. Table 3 shows the calculated Iirr for each model.
Based on this descriptor, the investigated lattices can be
ordered as RL1 = RL2 < IL1 < IL3 < IL2 < IL4 in terms of
increasing structural irregularity.

The selective laser sintering (SLS) manufacturing tech-
nique was used to manufacture the lattices permitting the
formation of complex lattices without the need for support
structures. Figure 4 shows the manufactured lattices made
from PA12.

2.2. Experimental analysis

Vibration measurements were conducted at the test labo-
ratory of the Institute of Mechanics, part of the Faculty of
Mechanical Engineering at Otto von Guericke University
Magdeburg, Germany, to obtain the dissipated energy,
maximum strain energy, and displacement amplitude, which
subsequently served as the basis for calculating essential
damping parameters.

Figure 5 shows the experimental setup. One side of the
structure was affixed to an aluminium bar via two M6 bolts.
An electrodynamic shaker was used to excite the lattice
structures. This excitation mechanism was facilitated by
coupling the shaker to the opposite end of the lattice using an
M6 bolt, linking it to a stinger along with a force transducer.
During experimentation, the force transducer (PCB Piezo-
tronics, Inc.) accurately gauged the shaker’s force output.
The excitation force was modulated through a power am-
plifier, ensuring optimal control over the excitation force
signal. Meticulous fixation of the shaker to the platform
mitigated self-vibration influences.

To measure the lattice displacements, a Laser Doppler
Vibrometer (LDV) was directed towards a small aluminium
plate affixed to the shaker (see Figure 5(b)). A rig arm was
used to hold and fix the LVD position. A reflective tape was
adhered to the aluminium plate to reflect the laser beams.
The LDV’s laser alignment was carefully adjusted, ensuring
precise reflection without distortion. Both the force trans-
ducer and LDV were interfaced with a data acquisition
system.

A single-frequency sine sweep excitation signal was
employed with excitation frequencies progressing from 5Hz
to 50 Hz in increments of 5 Hz adhered to a conditioning
amplifier limit range of 31.6 mV/unit. When this threshold
was reached, the shaker paused momentarily before re-
suming measurements, safeguarding the integrity of data
collection. Each reported data point represents the mean
value obtained from approximately 10 steady-state cycles
per excitation frequency extracted from the measured time

Table 2. Geometric properties of the lattices.

Parameters RL1 RL2 IL1 IL2 IL3 IL4

Number of unit cells in x, y, z direction 6,6,4 3,3,2 3,3,2 — — —

Unit cell volume (m3) 1.895e�6 15.16e�6 15.16e�6 — — —

Distance between distributed points (mm) 17.5 35 35 25-31 36 36
Number of joints 350 68 68 72 52 52
Total number of struts 888 147 147 197 156 156
Radius of the circular strut
cross-section (mm)

0.800 1.412 0.800–1.652a 1.155 1.215 0.800–1.290a

Angle between struts (°) 90 90 90 0�180 (random) 0�180 (random) 0–180 (random)
Total mass (kg) 0.05653 0.05745 0.05658 0.05746 0.05782 0.05819

aIncreasing towards the centre.

Table 3. Geometric irregularity index Iirr of the studied lattices.

Model rmax�rmin
r θso/180°

dmax�dmin
d

Iirr

RL1 0.000 0.000 0.000 0.000
RL2 0.000 0.000 0.000 0.000
IL1 0.695 0.000 0.000 0.695
IL2 0.000 1.000 0.214 1.214
IL3 0.000 1.000 0.000 1.000
IL4 0.469 1.000 0.000 1.469
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history. The outlined procedure was consistently replicated

for each lattice structure. The processed output data from the
data acquisition system were subsequently transferred to a
computer for visualisation and analytical interpretation.

Critical parameters encompassing the damping coeffi-
cient, stiffness, and loss factor were derived from the
measured outcomes for each lattice structure (Rao, 2011).
The damping coefficient c was computed as

Figure 4. Manufactured lattice structures.

Figure 5. (a) The experimental setup, and (b) the setup of the laser doppler vibrometer for displacement measurement.
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c ¼ ED

πωu02
(5)

where ED signifies the energy dissipated per cycle of har-
monic oscillation, u0 represents the lattice’s displacement
amplitude, and ω denotes the excitation frequency. ED was
determined from the measured force–displacement hyster-
esis loops using a customMATLAB data-processing routine
explained in the subsequent paragraph:

The displacement u(t) and applied force F(t) were
recorded during harmonic excitation with a sampling
frequency of 100 kHz. To reduce measurement noise while
preserving the phase relationship between the signals, both
channels were filtered using a fourth-order Butterworth
low-pass filter implemented with zero-phase forward–
backward filtering (filtfilt). The cutoff frequency fc was
defined as

fc ¼ 3
ω
2π

þ 50 Hz (6)

Before further analysis, the mean values of displacement
and force signals were removed to eliminate sensor offsets.
Solely the steady-state portion of the measurement was used
for ED calculation. The processing routine automatically
excluded the initial transient response and retained the later
portion of the signal containing approximately ten complete
excitation cycles. Individual cycles were identified using
zero-crossings of the velocity signal, obtained by numerical
differentiation of the displacement data.

The energy dissipation for each cycle was computed as
the enclosed area of the force–displacement (u, F) hysteresis
loop

ED ¼ ∮F du (7)

which was evaluated numerically using the MATLAB
polyarea function applied to the discrete (u, F) data points of
each cycle. The final ED value reported in this work cor-
responded to the average over multiple steady-state cycles,

which reduces the influence of measurement noise and
cycle-to-cycle variability. The combination of high sam-
pling frequency, zero-phase filtering, transient removal, and
cycle averaging ensured robust estimation of the hysteresis
loop area.

The maximum strain energy ES was calculated as

ES ¼ 1

2
bFu0 (8)

where bF is the force magnitude. By using the above equation
of maximum strain energy ES, substituting the Hooke’s law

ðbF ¼ ku0Þ into Eq. 8, and rearranging the equation, the
stiffness k can be obtained as

k ¼ 2
ES

u02
(9)

The energy loss factor η crucial for a comprehensive
comparison of damping behaviours between regular and
irregular lattice structures is defined as follows:

η ¼ 1

2π
ED

ES
(10)

2.3. Normal modes and frequency
response analyses

Generally, the FRA quantifies the steady-state response
resulting from the imposition of a sinusoidal load onto a
structural system. In addition, normal modes analyses are
utilised to investigate a structure’s dynamic properties. In the
framework of this investigation, the FRA was employed to
ascertain the magnitudes and phase shifts of displacements
in lattice structures subjected to the experimental loading
conditions. The normal modes analyses predicted lattice’s
eigenfrequencies.

Figure 6 exemplarily shows the numerical model setup of
RL2. Each strut of the lattices was modelled using CBEAM

Figure 6. (a) Isometric view, (b) aluminium bar side, and (c) shaker side of the numerical model of RL2. Beam elements are shown in light
grey, 3D tetrahedral elements in dark grey, and rigid body elements RBE2 are coloured in green (fixations) and red (force excitation).
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elements. They were connected to the plates using rigid
body elements RBE2 elements. Both rectangular plates were
meshed with 3D tetrahedral elements (CTETRA). As for the
boundary conditions, the two boreholes on the rectangular
plate (see Figure 6(b)) were fixed with spider RBE2s in all
degrees of freedom to mimic the constraint from the bolts
and nuts. In addition, the elements on the surface of the
rectangular plate were constrained in the x direction to
mimic the friction constraint between the aluminium bar and
the lattice. For the condition of the rectangular plate on the
shaker side (see Figure 6(c)), a spider RBE3 was created at
the bore hole, and a harmonic excitation force in the x
direction was applied to the spider element’s centre to
simulate the force exerted by the shaker.

A mesh sensitivity analysis was conducted to ensure that
the numerical results were not significantly influenced by
the discretisation of the finite element model. The
RL2 lattice configuration was selected as a representative
case, and the beam element size used for the lattice struts
was gradually reduced from 12.37 mm to 2.75 mm. The
solid elements representing the rectangular plates were
kept constant with a comparably small element size of
1 mm.

The mesh sensitivity analysis focused on the lattice
structure itself, whereas the rectangular plates mainly served
as relatively stiff supporting components. Moreover, the
solid element size of 1 mm was already comparable to the
characteristic geometric scale of the lattice struts, indicating
that the plates were sufficiently discretised. In addition, the
connection between the beam elements of the lattice and the
solid elements of the rectangular plates was implemented
using RBEs. Changing the mesh density of the plates would
have modified the distribution of coupling nodes and could
have altered the stiffness characteristics of the beam-solid
connection region in a non-physical manner. Therefore, the
mesh refinement study was carried out only for the beam
elements of the lattice while maintaining a consistent dis-
cretisation of the boundary plates.

The convergence behaviour was evaluated using the first
three natural frequencies obtained from modal analysis. To
facilitate comparison across different modes, the frequencies
were normalised with respect to the finest mesh solution
(2.75 mm element size). As shown in Table 4, the nor-
malised frequencies approached unity as the mesh was
refined, indicating that the predicted natural frequencies
became nearly constant when the beam element size was

approximately 3.54 mm or smaller. Based on this obser-
vation, a beam element size of 3.09 mm was adopted for the
lattice structures in the numerical simulations, which per-
mitted also the representation of gradually changing cross-
section diameters along one strut implemented in lattices
IL1 and IL4.

To obtain better agreement between the experimental and
numerical results, an empirical iterative calibration proce-
dure was adopted. The structural damping coefficient GE
defined in the MAT1 material card (isotropic material)
was tuned individually for each lattice configuration to
reproduce the experimentally observed damping behav-
iour. In this formulation, the damping matrix contribution
[KGE] is introduced as a scaling factor of the stiffness
matrix [K], which can be expressed as (HyperWorks,
2021)

½KGE� ¼ GE ½K� (11)

To assess the influence of the selected GE, the same
harmonic excitation forces used in the experiments were
applied in the numerical simulations. The calibrated values
of GE for each lattice configuration are summarised in
Table 5.

After specifying the boundary conditions and the forces,
a normal modes analysis and a direct FRAwere performed.
For the normal modes analysis, the first eigenfrequency of
the lattices was predicted by solving the eigen-solution
problem using the Lanczos eigenvalue extraction method
available in Altair OptiStruct. Regarding the FRA, the
obtained displacement amplitude and phase angle values for
each lattice were extracted from the numerical output file for
subsequent data using equations (5)–(10). The resulting
damping coefficient, stiffness, and loss factor were subse-
quently compared with the experimental findings. The

Table 4. Mesh sensitivity analysis results for the RL2 lattice model showing the normalised natural frequencies of the first three modes
depending on the beam element size.

Beam element size (mm) 12.37 8.25 6.19 4.95 4.12 3.54 3.09 2.75

1st eigenfrequency 0.992 0.996 0.997 0.999 0.999 1.000 1.000 1.000
2nd eigenfrequency 0.993 0.996 0.998 0.998 0.999 1.000 1.000 1.000
3rd eigenfrequency 0.992 0.996 0.997 0.999 0.999 1.000 1.000 1.000

Table 5. GE value used for the MAT1 card for each lattice
structure.

Lattice GE

RL1 0.17
RL2 0.16
IL1 0.16
IL2 0.16
IL3 0.18
IL4 0.17
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percentage of deviation Δr was calculated using the fol-
lowing equation

Δr ¼ rn � re
re

� 100 (12)

where rn and re are the numerical and experimental result,
respectively.

3. Results

In this section, the results of the experimental and numerical
investigation of both regular and irregular lattice structures
are presented.

3.1. Experimental results

The experiments were successfully conducted for all
structures. Figure 7(a) shows exemplarily the measured
force plotted against time for RL1 at 5 Hz, which accurately
represents the input conditions of the experiment, that is, a
sinusoidal force at a frequency of 5 Hz. The measured
displacement against time for RL1 at 5 Hz (Figure 7(b))
exhibited sinusoidal behaviour, reflecting the system’s dy-
namic response. Notably, the displacement amplitude re-
sponded with a phase shift relative to the applied force. This
phase shift is indicative of the system’s damping charac-
teristics and is a critical parameter for further analysis. The
hysteresis loop for RL1 at an excitation frequency of 5 Hz is
visible in Figure 7(c). The results for the remaining studied
excitation frequencies as well as for the other studied lattice
structures, and the calculated values for ED and ES are at-
tached in the supplemental materials.

Figure 8 presents the damping coefficient c, the stiffness
k, and the loss factor η for each lattice at the studied ex-
citation frequencies, calculated based on the experimental
results and equations (5)–(10). Generally, the damping
coefficient decreased gradually, approaching zero as the
excitation frequency increased. All lattice structures ex-
hibited the highest damping coefficient when excited at 5 Hz
(between 172.78 Ns/m for the RL1 and 1725.38 Ns/m for

the IL4). Regarding the stiffness, IL2, IL3, and IL4 showed
values exceeding 200,000 N/m, markedly higher than those
of RL1, RL2, and IL1, all of which remained below
50,000 N/m across all investigated frequencies. Overall,
when comparing irregular and regular lattices, the former
demonstrated superior performance in terms of both
damping coefficient and stiffness values across all fre-
quencies compared to the latter.

In the case of the loss factor, the values consistently
dropped from 5 Hz to 20 Hz across all lattice types.
However, when extending the analysis to the higher
bandwidth, greater fluctuations in the loss factor became
apparent including significantly different values at specific
frequencies, especially for the irregular lattices. In some
instances, the loss factor experienced remarkable drops or
spikes (e.g. for IL2, η > 0.2 at 35 Hz, but η < 0.07 at 30 Hz
and 40 Hz, or for IL4, η < 0.04 at 40 Hz, but η > 0.06 at
35 Hz and 45 Hz).

Regarding lattice IL2, the pronounced local peak of the
loss factor at around 35 Hz excitation frequency was likely
caused by a frequency-dependent redistribution of defor-
mation within the irregular lattice, which led to a temporary
increase in dissipated energy relative to the maximum strain
energy. Since the loss factor is defined as stated in equation
(10), even a localised non-proportional change in these two
quantities can produce a sharp peak. The fact that a similar
tendency has also been observed in the numerical results
suggests that this feature is related to the structural response
of IL2 rather than to measurement noise alone.

Generally, in most of the studied frequencies, the ir-
regular lattice showed higher loss factors than the regular
lattices.

3.2. Numerical results

This subsection presents a comparison between experi-
mental and numerical results to evaluate the accuracy of the
numerical models in representing the physical reality of the
studied lattice structures.

Figures 9 and 10 exemplarily show the damping constant,
loss factor, and stiffness based on the measurements and the

Figure 7. Experimental results of RL1 at 5 Hz excitation force including (a) the measured force plotted against time, (b) the measured
displacement against time, and (c) the hysteresis loop.
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numerical model for RL2 and IL2, respectively. The displayed
curves align very well. Generally, for all investigated lattice
structures, the average deviation between experimental and
numerical values for all three parameters remained less than
3% across all studied excitation frequencies.

Regarding the first eigenfrequency of each lattice (Table 6),
the studied regular lattices, on average, showed a lower first
eigenfrequency than the irregular lattices. However, the first
eigenfrequency of IL1 is comparably low, that is, lower than
that of RL2. Table 6 also compares the mass of the numerical
models to that of the manufactured models. The mass
deviations were between 2.2% and 8.4%.

4. Discussion

This section discusses obtained numerical and experimental
results.

4.1. Numerical results in comparison to
experimental results

The numerical and experimental results showed high con-
gruence in curve paths, exemplarily presented for RL2 and
IL2 (c.f., Figures 9 and 10) indicating a high degree of
accuracy in the numerical models. Despite the small per-
centage of differences observed in the structural mass, the
obtained results were well correlated.

The outcomes of this comparison provide evidence that
the FE models created can reliably represent the dynamic
behaviour of the studied physical structures across the
interested range of excitation frequencies. This suggests
that these models can confidently be utilised in any sub-
sequent analyses similar to the conducted analyses, en-
suring the reliability and precision of numerical
predictions.

Figure 8. Damping coefficient c, loss factor η, and stiffness k versus frequency of each lattice at every excitation frequency obtained from
experiments.

Figure 9. Damping coefficient c, loss factor η, and stiffness k versus frequency of RL2 at every excitation frequency based on experiments
(blue data) and simulation (orange data).
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4.2. Lattice design and manufacturing

The successful creation of the lattice structures varying in
their degrees of structural complexity sets the stage for the
subsequent exploration of the lattice damping behaviour.
Through the control of design variables and modelling
techniques, this study offers valuable insights into the im-
pact of irregularities in lattice structures on the damping
characteristics.

Six different lattices were successfully designed
and manufactured in this study. The structures en-
compassed both regular and irregular lattice structures,
each meticulously built within the defined design space.
Regular lattices adhered to predictable patterns, while
irregular ones introduced complexity through varying
cross-section diameters and irregularly oriented strut
layouts.

All studied lattices coincided in their mass. Main-
taining consistent mass across all lattice structures en-
sured that observed damping differences stemmed
primarily from geometric variations rather than mass
discrepancies. Additionally, comparing the masses of the
numerical models to those of the manufactured structures
showed differences of less than 8%, indicating a suc-
cessful manufacturing process. The small deviation in
mass between the FE models and the manufactured
lattices can be attributed to the modelling approach
employed, as discussed in Andresen et al. (2020a). The
utilisation of CBEAM elements to construct each of the
struts resulted in a marginal increase in mass, as each
strut was represented as a full beam, thereby attributing
the entire mass of a single beam to each strut, regardless
of their merging at common intersection points. Con-
sequently, the overall mass calculated within the FE
model slightly exceeded that of the manufactured
lattices.

4.3. Effect of lattice design parameters on
dynamic properties

This section discusses the impact of structural parameters
employed in the studied lattices on the loss factor, the
damping coefficient, the stiffness, and the eigenfrequencies.

4.3.1. Unit cell size in regular lattices. The investigated regular
lattices were both composed of simple cubic unit cells
permitting a comparison in terms of the unit cell size. The
loss factor of RL2 (large unit cell) maintained a slightly
higher value than that of RL1 (small unit cell) at most
frequencies (Figure 11). Similarly, the damping coefficient
of RL2 slightly surpassed that of RL1 across almost the
entire frequency spectrum. These findings may indicate that
for the studied unit cell type, a larger unit cell size exhibits a
greater propensity for dissipating energy, suggesting its
potential superiority in vibration absorption. Moreover,
RL2 also shows a higher stiffness value than RL1 at all
frequencies, which suggested that it may not be as flexible as
RL1, but still manages to offer a slightly enhanced damping
effect, particularly at higher frequencies. This might be
attributed to an increase in the overall area moment of inertia
as the strut diameter size rose (Azmi et al., 2020), resulting
in enhanced stiffness of the RL2 structure. At the same time,
similar to the stiffness, the eigenfrequency is also higher
than that of RL1.

In similar experiments conducted on regular lattices
composed of body-centred cubic unit cells varying in unit
cell sizes (Monkova et al., 2021), the results showed de-
creases in damping behaviour with increasing stiffness and
eigenfrequencies, which were not observed here. In contrast,
the damping behaviour of the studied regular lattices tends
to slightly increase with increasing unit cell size, stiffness,
and eigenfrequencies. A similar trend was also observed by
Liu and Faisal (2022). However, Scalzo et al. (2021) did not

Figure 10. Damping coefficient c, loss factor η, and stiffness k versus frequency of IL2 at every excitation frequency based on
experiments (blue data) and simulation (orange data).
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discover a clear correlation between unit cell size, stiffness,
eigenfrequency, and damping behaviour. Therefore, in fu-
ture studies, a higher number of regular lattices including
varying unit cell sizes and different unit cell designs should
be studied in order to meticulously assess the effect of unit
cell styles on the dynamic characteristics.

4.3.2. Gradient regular and irregular lattice structures. The
application of strut cross-section gradients has been im-
plemented in a regular and an irregular lattice structure,
which have also been investigated with a constant cross-
section diameter, permitting a first step into studying the
impact of cross-section diameter gradients on damping
properties and stiffness. Cross-section diameter gradings are
irregular cross-section distributions within a structure. Here,
it was focussed on variations in diameters of circular strut
cross-sections.

Figure 12 offers insights into how the strut cross-section
gradients influenced the damping properties and stiffness of
lattice IL1 compared to RL2, both lattices having the same
regular lattice strut layout. Although IL1 exhibited a distinct
mass distribution due to the gradually increasing cross-
section diameter towards the structure’s centre, the damp-
ing properties at all analysed frequencies were similar to

those from RL2. Thus, the defined cross-section gradient
applied to IL1 may not exert a substantial influence on its
damping properties. However, the gradient definition re-
sulted in an overall stiffer structure compared to the uniform
strut size of RL2, which is in line with the outcome pre-
sented by Sienkiewicz et al. (2020).

With regard to strut cross-section gradients employed in
irregular lattices, IL4 (gradually changing cross-section)
shows a higher stiffness compared to IL3 (uniform cross-
section) (Figure 13), as also obtained for the regular lat-
tices. However, in contrast to the preceding comparison of
regular lattices, the assessment of the cross-section di-
ameter gradient also revealed a notable influence on both
the loss factor and damping coefficient. IL4 notably sur-
passed IL3 in terms of the damping coefficient for most of
the studied frequencies. In addition, more pronounced
fluctuations in their loss factors across the entire frequency
range have been detected. This discovery indicates the
significant potential of cross-section gradients to pro-
foundly affect damping characteristics within lattice
structures.

The concept of cross-section strut gradients influencing
damping properties is neither limited to a specific lattice
layout nor to certain gradient definitions. It became apparent

Table 6. Mass comparison between the numerical and manufactured models.

Model Eigenfrequency (Hz) Numerical mass (g) Manufactured mass (g) Deviation (%)

RL1 44.09 58.27 55.24 5.48
RL2 52.07 58.95 55.29 6.62
IL1 46.13 58.08 54.02 7.51
IL2 96.99 58.38 55.14 5.87
IL3 129.13 58.51 53.98 8.39
IL4 125.47 58.97 57.68 2.23

Figure 11. Comparison graphs of damping coefficient c, loss factor η, and stiffness k versus frequency for RL1 and RL2 obtained from
experiments.
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that precise definitions of gradients are essential, as evi-
denced by its negligible impact on the damping properties of
the regular lattice strut layout. Beyond the specific gradient
applied to IL1, for example, further studies could delve into
alternative grading definitions to assess their impact on
damping properties. However, although the here obtained
results for the regular lattices did not show improved
damping properties of the graded lattice structure, published
studies demonstrated that varying strut cross-section di-
ameters in regular lattices can strongly affect the damping
behaviour (Scalzo et al., 2021). It may be noted that Scalzo
et al. (2021) investigated lattices with different constant
cross-section diameters.

Regarding the definition of cross-section gradients, a
proper definition is expected to significantly enhance the

damping properties. Therefore, in future studies, different
cross-section gradient definitions should be investigated to
significantly enhance the damping properties. One such
variation could involve an increase in strut size from left to
right or vice versa, akin to the deformation observed in a
crushed lattice structure as shown by Okubo et al. (2023).
By mimicking such deformation-induced gradients, the
impact of asymmetrical cross-section distributions on
damping behaviour can be evaluated. Additionally, other
gradient schemes such as exponential or logarithmic vari-
ations in cross-sectional area could also be explored to
capture more complex structural responses. These alterna-
tive gradient definitions can also be applied to irregular
lattices to further improve the damping properties. Aside
from the here investigated circular cross-sections, different

Figure 12. Comparison graphs of damping coefficient c, loss factor η, and stiffness k versus frequency for RL2 and IL1 obtained from
experiments.

Figure 13. Comparison graphs of damping coefficient c, loss factor η, and stiffness k versus frequency for IL3 and IL4 obtained from
experiments.
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cross-section shapes could also be studied and varied within
one structure based on specified gradients.

Finally, comparing the obtained eigenfrequencies for the
lattices with cross-section gradients to those without gra-
dients, in both the regular and irregular lattices, the defined
cross-section grading resulted in an eigenfrequency drop. In
a similar study by Andresen et al. (2020a), cross-section
gradients in lattices led to significant eigenfrequency in-
creases. However, Andresen et al. (2020a) performed op-
timisations to obtain optimum cross-section diameters,
while in the present study, a random definition of cross-
section gradients was applied. This underscores once again
the conclusion that a detailed study on the impact of dif-
ferent cross-section gradient definitions on the vibration
characteristics is needed, because proper specifications of
cross-section gradients have a high potential in improving
not only the damping properties but also the
eigenfrequencies.

4.3.3. Irregular lattices in comparison to regular lattices. The
findings presented in this study revealed a noteworthy trend
in the performance of the studied irregular lattices in
comparison to the studied regular lattices. The investigated
irregular lattices exhibited a more intricate and frequency-
sensitive response. While the regular lattices showed a
smoother, monotonous decline in the loss factor with in-
creasing frequency, irregular lattices introduced com-
plexity, manifesting as fluctuations and sharp variations at
specific frequencies. The results also indicate that the
lattices exhibiting a higher damping and stiffness generally
correspond to larger values of the Iirr but still in a
frequency-dependent manner. At the same time, the
comparison between RL2 and IL1 suggests that the specific
type of irregularity also plays an important role, since
introducing solely a cross-section gradient seems to affect
the damping enhancement less strongly than irregular strut
layouts. However, further detailed studies are needed to
underline this hypothesis.

Comparing the optimum regular lattice RL2 to the op-
timum irregular lattice IL3 (Figure 14), the latter had a
significantly higher value in all studied characteristics than
RL2. By their very nature, irregular lattices introduce a level
of complexity and variability in their geometric arrange-
ments. This complexity might result in a broader range of
vibrational modes and energy dissipation mechanisms
within the structure as discussed in Zheng et al. (2005) in
Alkhatib et al. (2023). As a consequence, irregular lattices
display enhanced damping and stiffness properties, making
them particularly effective in dissipating energy and
maintaining structural stability, even when subjected to
varying frequencies of excitation. In addition, regular and
irregular lattices probably differ in their way of how the
forces are distributed across the structure. Lattice structures
with highly regular unit cells like RL2 have symmetrical and
uniform geometries. These regular geometries of unit cells

can result in evenly distributed forces. While this can
provide structural stability, it might also limit the structure’s
ability to dissipate energy as efficiently, leading to a lower
loss factor and less effective damping. The random point
distribution in IL3, on the other hand, may introduce var-
iations in stress distribution. These variations can provide
additional opportunities for energy dissipation, potentially
resulting in a higher loss factor and better damping char-
acteristics. Furthermore, a significant difference can be seen
where a random point distribution in IL3 leads to a high-
stiffness value compared to a repeating unit cell pattern
(Andresen et al., 2020a).

An important observation across both irregular and
regular lattices is the consistent decrease in the damping
coefficient and loss factor as the excitation frequency in-
creased. This behaviour is in line with the general trend in
structural dynamics, where higher frequencies tend to yield
decreased energy dissipation and damping capability
(Benyoucef et al., 2017; De Lima et al., 2014; Verbaan et al.,
2017). Such a finding underscores the critical role of fre-
quency in influencing the dynamic response of lattice
structures and provides valuable insights for applications
where precise control of damping and stiffness is required.

Furthermore, the studied irregular lattices exhibited a
superior damping coefficient and stiffness characteristics
consistently, regardless of the frequency of excitation. The
reason for this observed outcome can be inferred based on
the characteristics that the irregular lattice structures
possessed.

In general, the analysis of irregular strut layouts presents
challenges in formulating generalised statements about their
behaviour, primarily due to the limited number of studied
lattices and significant structural disparities among them.
There is ‘almost no limit’ in variety of irregular lattices.
Nevertheless, the obtained results suggest a tendency for
irregular lattices to exhibit superior performance compared
to their regular counterparts. Moreover, the notable ad-
vantage of irregular lattices lies in the flexibility afforded by
the positioning of struts wherever they contribute positively
to the studied parameters. This inherent flexibility grants
designers nearly limitless freedom in crafting irregular
lattice layouts. While this presents both challenges and
opportunities, as determining the optimal strut layout and
recognizing when the best configuration is achieved remain
formidable tasks, it also signifies a remarkable opportunity
for innovation and optimisation in lattice structure design.
To deepen the understanding of this aspect, future studies
should encompass a larger and more diverse selection of
regular and irregular lattice configurations. Moreover, the
structural parameters should be systematically varied or
adapted to elucidate the precise impact of structural char-
acteristics such as the number of joints, distance between
neighbouring joints, angle between struts, and the con-
nectivity of joints on the parameters under investigation.
This iterative approach will facilitate a more comprehensive
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exploration of the relationships between lattice morphology
and performance metrics.

In conclusion, the findings of this study highlight the
potential advantages of irregular lattice designs in terms of
damping and stiffness performance. These results under-
score the importance of considering structural irregularities
as a design parameter in lattice engineering, offering op-
portunities for optimising performance across a range of
engineering applications. Future research endeavours
should aim to delve deeper into the underlying mechanisms
and design principles governing the behaviour of irregular
lattice structures, with the ultimate goal of advancing the
state-of-the-art in lattice design and optimisation.

In terms of the conducted numerical analyses, the fol-
lowing remarks may be noted. Despite the present positive
outcomes from the numerical work, it is essential to ac-
knowledge the inherent limitations of simulation models.
While simulations can provide valuable insights into the
behaviour of lattice structures, they rely on assumptions
and simplifications that may not fully capture all real-
world complexities. Additionally, the accuracy of simu-
lation results is contingent upon the fidelity of the com-
putational model and the validity of the underlying
assumptions.

Simulation models offer a promising avenue for studying
additional lattice configurations; however, their suitability
depends on factors such as the fidelity of the model, the
complexity of the phenomena under investigation, and the
availability of experimental validation. By judiciously
leveraging both simulation and experimental approaches,
researchers can synergistically enhance their understanding
of lattice behaviour and advance the state-of-the-art in lattice
design and optimisation.

Regarding the calibration of the GE values for each
lattice to improve the numerical representation of the

experiments, it should be noted that this calibration im-
proved the agreement between numerical and experimental
results, but reduced the predictive capability of the model,
since the damping parameter was not determined solely
from material or geometric properties. The present approach
therefore aims to reproduce the experimentally observed
dynamic response within the investigated frequency range
with an adequate engineering judgement. Future develop-
ments could focus on introducing a unified damping pa-
rameter or a physically motivated damping formulation that
accounts for the dominant dissipation mechanisms in the
lattice structures, which would enhance the general appli-
cability of the modelling framework. While the use of a
unified damping parameter could improve the consistency
of the numerical model, a physically motivated damping
formulation that accounts for the dominant energy dissi-
pation mechanisms would further enhance its predictive
capability and general applicability.

5. Conclusion

The present study shows that the use of bio-inspired ir-
regular lattice strut layout can significantly increase the
stiffness, the eigenfrequencies, and the damping properties
(i.e. damping coefficient and loss factor) compared to
regular lattices based on unit cells. Thereby, the obtained
experimental data indicate that the damping and stiffness
performance of the investigated lattices generally increase
with the proposed geometric irregularity index Iirr, also
suggesting a high impact of the specific type of irregularity.
While only a limited number of lattice structures have been
investigated, the results already demonstrate the high po-
tential of these complex lightweight structures to strongly
manipulate vibration properties. This innovation paves the
way for the creation of lightweight structures inspired by

Figure 14. Comparison graphs of damping coefficient c, loss factor η, and stiffness k versus frequency for RL2 and IL3 obtained from
experiments.
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biological structures that excel in managing vibrations,
offering versatile solutions across a spectrum of engineering
applications.
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