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metamaterial with prominent longitudinal wave propagation
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ABSTRACT

Origami metamaterials have become frontiers of research in many disciplines due to their infinite
design space, simple size variation, and topologically variable properties. In this study, a novel
metamaterial inspired by Miura-origami tubes with a complex quasi-zero-stiffness (QZS)
structure was fabricated via laser powder bed fusion (LPBF). The unit of the QZS metamaterial
consists of a two-layer quadrilateral frame and two vertical springs attached to its diagonal
points. The geometric accuracy, densification level and mechanical properties of the QZS parts
fabricated at various processing conditions were investigated and the optimised processing
parameters were determined. The displacement response of the QZS parts was analysed by
experiments in conjunction with simulation analysis. The results show that the LPBF-fabricated
QZS metamaterials form four extra-wide longitudinal wave band gaps under low frequencies
from 660 Hz to 2500 Hz. The proposed LPBF-fabricated QZS metamaterial shows great potential
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in impeding the longitudinal vibration of engineering structures.

1. Introduction

Origami is a culture tradition that has been passed down
from ancient times to the present, and has been a tra-
ditional art to pass the time and pray for blessings [1].
The crease pattern is the basis of all origami structures,
with endless design possibilities to create complex,
subtle three-dimensional structures. In recent years,
origami structures have become a global research
hotspot with unique application possibilities in the field
of engineering [2-6]. Origami structures have been used
in civil construction [2], aerospace [7,8], as flexible elec-
tronics [9-11], in biomedicine [12-14], as metamaterials
[15-18], in robotics [19-21], as sound barrier [22-25]
and found application in further fields. Miura invented
the Miura-origami configuration (also known as Miura
folding) and applied it to a foldable solar sail panel. Accel-
erated by the research on origami structures, the so-called
‘origami metamaterials’ have emerged. Currently, with
the rapid development of additive manufacturing (AM)
or 3D printing technology, the design and development
of materials has entered the ‘metamaterial’ stage. Meta-
materials possess unique properties that are not encoun-
tered in natural materials or conventional engineering

derived from their chemical composition but rather
from their precisely engineered geometry and dimen-
sions. Mechanical metamaterials show peculiar mechan-
ical properties that are absent in both natural materials
and traditional engineering structures. Yasuda and Yang
[26] investigated mechanical metamaterials based on
the Tachi-Miura polyhedron (TMP) fold-back 3D origami
structure which demonstrated an adjustable negative
Poisson’s ratio and structural bistability. Townsend et al.
[27] reported on a mechanical metamaterial that folds
origami into a square honeycomb structure. Folding par-
ameters facilitate to deliberately modulate the stress—
strain curve in a significant manner, enabling the gener-
ation of varying profiles ranging from quasi-rectangular
to quasi-linear. This structure can be found in applications
of energy absorption. Liu, Tachi, and Paulino [28] subdi-
vided the hypar origami mechanical metamaterial and
utilised its bistability to encode multi-stable metasurfaces
with programmable non-Euclidean geometry.

Origami metamaterials have received significant inter-
est because of their excellent mechanical properties, such
as the nonlinear acoustic metamaterials. According to the
traditional linear vibration isolation theory, it is required

structures. These distinctive characteristics are not  to reduce the inherent frequency of the vibration
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isolation system to isolate low-frequency vibrations.
However, either unilaterally reducing stiffness or increas-
ing mass will impact the stability of the vibration isolation
system and its load-carrying capacity. Traditional linear
vibration isolators face limitations as they cannot simul-
taneously support objects and isolate vibrations due to
their constant stiffness. Consequently, there is a
growing focus on quasi-zero stiffness vibration isolation
methods, spurred by advancements in nonlinear
vibration isolation theory. This approach not only effec-
tively isolates low-frequency vibrations but also possesses
the capability to withstand larger loads, addressing the
challenges of low-frequency vibration isolation. Liu, Li,
and Wang [29] introduced a buckling-regulated origami
material. This material achieves global expansion
through deployable folding, controls local depressurisa-
tion via unit structure arrangement, and replicates high-
energy absorption deformation modes using non-deploy-
able features. Additionally, the same authors employed
3D printing technology to fabricate the corresponding
origami material and conducted experimental testing.
Independently, Li et al. [30] designed acoustic and mech-
anical components in the form of a Helmholtz resonator.
Through experimental measurements, they achieved sig-
nificant broadband sound absorption within the practical
low-frequency range (<1.0 kHz). Cai et al. [31] proposed a
new metamaterial tube characterised by twelve multi-
segment curved beams of compliant resonators to
achieve quasi-zero stiffness under proper pre-com-
pression. The band gap was revealed by using the transfer
matrix method (TMM) for achieving the attenuation of
flexural waves at low frequencies in the quasi-zero-
stiffness (QZS) metamaterial tube. Guo et al. [32] designed
a multi-stage quasi-zero stiffness metamaterial, which fea-
tures elastic rings connected in parallel to two cross-
bending beams. This metamaterial demonstrated mul-
tiple deformation behaviours and quasi-zero stiffness
stages under global compressive loading. The experimen-
tal results were consistent with the corresponding simu-
lation which indicated the existence of two force
plateaus and a significant hysteresis loop. The results of
their study could expand the prospects of metamaterials
for application in engineering structures.

The aforementioned literature review highlights a
prevalent characteristic among recent origami metama-
terials, indicating that they predominantly comprise
open Miura-origami structures. It is noted that these
structures consistently exhibit relatively poor out-of-
plane stiffness, posing a limitation on their potential
application as engineering materials. One contributing
factor is the susceptibility to assembly errors or inaccur-
ate installation of quasi-zero stiffness systems, which,
being composed of multiple positive and negative

stiffness elements, can significantly compromise their
vibration isolation performance [33]. Mitigating such
assembly errors proves to be exceptionally challenging.
Therefore, a viable solution lies in the advancement of
technologies capable of manufacturing geometrically
complex structures or systems. Additive manufacturing
(AM) precisely aligns with this need and, notably, laser
powder bed fusion (LPBF) stands out as a widely utilised
metal AM technology. Owing to the layer-by-layer build-
up, near-net shaped components can be fabricated, so
that AM does not require subsequent shaping as is tra-
ditional or subtractive manufacturing technologies
which involve milling and/ or drilling of cast material.
Li et al. [30] used laser fusion deposition to fabricate
thin walls for a modified honeycomb magnetic shielding
structure. Since they used optimum processing con-
ditions, their as-printed permalloy samples showed a
relative density of over 99.5%. The thickness of this
thin-walled structure was close to the thickness of
their computer-aided design (CAD) model. Koehly, Neu-
berger, and Biihler [34] utilised LPBF to produce fused
blanket components. These 1 mm thick components
also consisted of straight walls which did not show any
distortion or localised contact between them which
guaranteed full functionality. Based on their results, we
can conclude that the design determines the character-
istics of the structure and that high-precision additive
manufacturing (AM) technologies, such as LPBF are suit-
able for the fabrication of such structures.

Therefore, in this work, a novel metamaterial inspired
by the Miura-origami tube was manufactured using
LPBF. This metamaterial is an array structure consisting
of quasi-zero stiffness units, composed of origami-
inspired thin-wall structures and internal force balance.
The proposed metamaterial allows for suppression of
low-frequency longitudinal waves [35,36], vibration
damping [37], and energy absorption [38]. Next to the
structural characteristics of the built-up part, in particu-
lar the LPBF processing conditions strongly determine
the forming quality and surface roughness of thin-wall
structures and hence the processability [39]. Conse-
quently, the evolution of the geometric accuracy and
densification level of the fabricated QZS parts is firstly
investigated depending on the LPBF processing par-
ameters. Then the microstructure of the QZS parts will
be analysed, since it is dependent on LPBF-processing
conditions and the part geometry. Since the microstruc-
ture dictates the mechanical properties of the fabricated
QZS parts, they are tested to also experimentally deter-
mine their damping properties at last. The proposed
LPBF-fabricated QZS metamaterial shows great potential
in suppression of the longitudinal vibration for engineer-
ing structures.



2. Materials and methods

2.1 LPBF-fabrication of the quasi-zero-stiffness
structure

2.1.1 Structure design

The present QZS structure was inspired by the Miura-
origami shown in Figure 1 and the according slicing
model is illustrated in Figure 2(a). Figure 1(a) shows the
crease pattern of the Miura-origami on paper consisting
of an array of parallelograms. As shown in Figure 1(b),
each Miura sheet unit consists of four equal parallelograms,
which are defined by the length g, width b, and acute angle
B, as well as the intersection angle 6. In addition to that,
further parameters are used to characterise the Miura
sheet unit, such as w, /, v, h, and the side corner angles y
and & (see Figure 1(b)) and they are calculated as follows:

0
sin?B cos? <§> -cos?

cosy = 9 (1
sin? 3 cos? <§> + cos?3

cosd = sin’B cos?6- cos’ B )

w = 2bsin(y/2) 3)

h = acos(6/2) (4)

| = 2asin(6/2) (5)

v = bsin(y/2) (6)

Figure 1(b) illustrates a classical Miura sheet model
which can be obtained by repeated arrangement of n
Miura sheet units along the x and y directions. By connect-
ing two identical Miura sheets, one obtains the Miura-
origami tube (Figure 1(c)) which can be ‘bulged-out’
(Figure 1(d)). The corresponding vertical compression
motion of the ‘bulged-out’ Miura-origami served as inspi-
ration of an ‘imaginary structure’ which was then trans-
formed to the QZS structure (Figure 1(e)). The design
parameters for the computer-aided (CAD) model of the
QZS structure are visualised in Figure 2(a). The upper and
lower quadrilateral frames of the designed QZS structure
are 20 and 40 mm wide, respectively, and the structure
has a diamond-shaped frame with angles of 60° at the
upper end and 120° at the lower end. The frame and
designed folds have a thickness of T mm. In the work of
Wang et al. [40], they systematically investigated the
influence of geometric parameters on the mechanical
behaviour of origami honeycomb structures. This illus-
trated the significant sensitivity of the mechanical behav-
iour of origami materials to characteristic parameters
such as length, width, and intersection angles. Through
numerical simulations and experimental validation, the
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angles and frame thickness of the designed structure
were ultimately determined. This decision was based on
our prior experiments, which showed that samples with
a thicknesses less than 1 mm demonstrated poor formabil-
ity, while samples with a thickness exceeding 1 mm dis-
played reduced low-frequency absorption capabilities
and a narrower low-frequency band gap. Assembling the
unit cells yielded the metamaterial illustrated in Figure 2
(a). The weight of the QZS metamaterial consisting of the
frame and folds can be neglected compared to the con-
nected lumped mass. The thin-walled metamaterial was
designed to suppress the evolution of low-frequency
waves within a light-weight part.

2.1.2 LPBF processing
AlSi7Mg was selected as alloy to demonstrate the feasibility
of the LPBF-fabrication of the proposed QZS structure,
because of its low density and excellent combination of
ductility, strength, and corrosion resistance. AlSi7Mg parts
show enhanced stability and reliability, particularly in
high-performance mechanical systems for vibration
damping applications. The SEM image of the powder and
the particle size distribution are presented in Figure 2(b).
In the early stages of experimentation, the overall printed
formability was suboptimal. By contrast, the concurrent fab-
rication of two components yielding the QZS structure
demonstrated good part accuracy (Figure 2(c)).

The present QZS structure samples were fabricated in
a DiMetal-100H machine. In order to comprehensively
investigate the effect of the laser processing parameters
on the processing quality, microstructure and mechan-
ical properties of the resulting specimens, the laser
energy density n was used [41]:

_ P
= Vsd

where Pis the laser power, v is the laser scanning speed, s is
the layer thickness and d is the hatching space. In this study,
P, s and d were set to the following values of 200 W, 30 and
50 um, respectively, and v was then varied from 600-
1000 mm/s. A monolithic hatching method was used with
a fill spacing of 0.08 mm and a 90° orientation rotation
between adjacent layers. All the LPBF build jobs were con-
ducted under Ar atmosphere with an oxygen content
below 5 ppm. Specimens subjected to uniaxial compressive
loading were fabricated at P =200 W and v =800 mm/s.

(7)

2.2 Characterisation

2.2.1 Simulation

We used Abaqus (Dassault Systemes Simulia Corp, Provi-
dence, RI, USA) as finite element method (FEM) software to
simulate quasi-static compression tests. To maintain
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(a)

Mountain

(c)

Miura Sheetl

fabricate
Miura Sheet 2

Miura-origami tube

Figure 1. (a) Crease pattern of a Miura-origami tessellation consisting of an array of parallelograms; (b) Geometric model of the Miura
sheet unit and folding process; (c) Geometrical model of a Miura tube composed of two identical Miura sheets; (d) Vertical compression
of the Miura-origami tube in the ‘bulged-out’ state; (e) The process demonstration of the QZS structure inspired by the origami structure

consistency between the experiments and FEM analysis, the to the upper surface of the simulated part. The entire
lower surface of the finite element model was constrained

process was controlled under quasi-static conditions using
while vertical downward displacement loading was applied energy control. The models were meshed with C3D8
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Figure 2. The manufacturing process of the QZS structure: (a) Slicing model; (b) SEM image of the AlSi7Mg powder particles and their
size distribution; (c) the schematic illustration of the LPBF process and a photograph of the powder bed during LPBF processing; (d)
the LPBF-fabricated components.



elements and the explicit dynamic solver of ABAQUS was
employed to capture the dynamic deformation behaviour.
The material properties were set as density p =2680 kg/
m?, Young's modulus E=68.9 GPa, and Poisson’s ratio of
0.33 (Figure 3).

To obtain the energy band harmonic response curves of
the QZS structure, we employed the commercial finite
element software COMSOL Multiphysics (Comsol Corp,
Providence, RI, USA) for numerical simulations. The struc-
tural parameters of the specimens utilised in the simu-
lations are provided in Figure 2(a), and the specimens
were systematically arranged, as illustrated in Figure 4,
with a more refined mesh division. Aluminium 3003-H18
in COMSOL was used as the constituent material with a
density p=2680 kg/m®, Young’s modulus E=68.9 GPa,
and Poisson’s ratio of 0.33. During the band gap simu-
lation, we imposed floquet periodic boundary conditions
on the unit cell’s left and right surfaces, with a periodic
vector defined along the vertical direction. The parameter
expression ‘solid.refpntz’ was used to generate the longi-
tudinal wave image. For obtaining the harmonic response
curve, we applied a load of 0.02 N/m? at the top of the
model array and set he frequency domain to 1-8000 Hz.

In order to obtain the displacement transfer character-
istics of the designed model, we calculated the amplitude
D and the phase angle ¢ of the relative displacement
between the load and the QZS component by following
equation which considered small deflections of the system
at its equilibrium position [11,42]. The base excitation was
assumed to be Z = Zycoswt, where Z; is the excitation
amplitude and o is the excitation frequency. The nonlinear
function a; (i=1, 2) can be expanded via the Taylor series
ato =0, as:

& = Ao + Ao + Apo® + Aga® + -+ + Apa”  (7)

_1dy

1= el (=012 ...,n) (8)

o=0
& = Ao + Ao + Apa® + Aga® + -+ + Apa”  (9)
0"+ 280" + 26;,(Ar0 + Ao + Apa? + Azo® + -+ Ao’ +

(Azo + A210' + A220’2 + A230'3 +-- 4 A2n0'n) + Z// =0
(10)

Since the fundamental excitation is harmonic, the fol-
lowing expressions are introduced:

o = Dcosys an
o’ = -QDsinys (12)
y=Q1+¢ (13)

where D and ¢ are the amplitude and phase of the
system response o, respectively. Thus, we can obtain
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the relationship between o, D and ¢:
o’ = D'cos-D(Q) + ¢')sinys (14)
o = -Q[D/simb + D(Q + ¢)cosys (15)

Substituting Egs. (12) and (15) into Eq. (9) and Eq. (11)
into Eq. (14), gives:

1
D = '5{2[{‘,1 + &,(A10Ro + A12R2D2 + ...+ A1(2m1)R2mezmw)]D
+ OZycose}
(16)

/ 1
¢ = 50D [Q%D-(Ay1 51D + A0 + ... + A2(2m2+1)52m2+1D2m2“)

+ Q*Zycos¢]
(17)

With, both, D' and ¢’ equal to 0, the amplitude and
phase angle can be inferred. The absolute displacement
transfer rate can be given as follows [43]:

_ V/2o? + D? + 2Z,Dcose

7 (18)

Ty

In this work, we approximated the asymmetry stiffness
to not affect the accuracy of Eq. (11), though this is
not fully correct. The approximated and hence simplified
solution yielded, however, acceptable results.

2.2.2 Experimental characterisation

In this study, five replicate trials were performed for each
experiment to verify the reproducibility of the data. The
density of the LPBF-fabricated components was
measured according to Archimedes’ principle. The rela-
tive density (§) was calculated according to following
equation:

£ ="M 100% (19)
Pr
where p,, is the measured density of the LPBF-fabricated
part and p; is the theoretical density of AlSi7Mg
(2.68 g/cm?) [44].

For the QZS structure designed in this study, special
particular attention must be given to its forming accu-
racy in terms of the cone angle (8) and the thickness
of thin walls (t). The LPBF-fabricated components were
sliced along the building direction (longitudinal
section) to carry out optical microscopy (OM)
observations along this direction. The key structure
parameters were extracted from the OM images utilising
the ToupView software.

The surface roughness of the LPBF-fabricated parts
was assessed using the Zeiss LSM900 Laser Confocal
Microscope. Furthermore, the surface morphology was
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Bandgap Simulation

Figure 3. Array model diagrams, meshing, boundary conditions, stress clouds and energy band response clouds inferred from the FEM

simulation.

characterised employing a Regulus8230 scanning elec-
tron microscope.

The quasi-static compression tests were carried out
using a hydraulic universal testing machine. The phase
formation was investigated by X-ray diffraction (XRD,
STOE Stadi P, Al K, radiation) of samples with a

Output

I Waveform Detector |

Laser Vibro-meter

| Laser Vibro-meter |

thickness of about 4 mm, using the continuous scan
type with a step size of 0.02° a scan speed of 0.5 °/min
and at 40 kV and 40 mA. All XRD scans were performed
in a plane parallel to the building direction. The micro-
structure was analysed using a field emission scanning
electron microscope (FE-SEM; FEI Quanta 650F) and a

Input

l Power Amplifier |-| Signal Generator l

Piezoelectric Stacked
Shake

Figure 4. Experimental setup of the QZS structure for determining its harmonic response curves.



FEI Tecnai G2 F20 transmission electron microscope
(TEM; FEI, Hillsboro, Oregon). The scan step was set to
1 um, and the grain boundary distribution, grain orien-
tation map and mean dislocation orientation difference
distribution maps were determined via electron back-
scatter diffraction (EBSD, FEIl, Hillsboro, Oregon). SEM
was also endeavoured to analyse the fracture surface.
The vibration experimental setup and its components
are visualised in Figure 4. The QZS metamaterial is
excited by a multilayer piezoelectric actuator through
a dSPACE DS1104 system and a white noise signal
from a signal generator (AWG5200, Tektronix), which
was passed through a signal amplifier (E01.A1, Coremor-
row). A laser vibrometer (LV-501, Sunny Optical Intelli-
gence Technology Co) was used to capture the
displacement transmission of the metamaterial.

3. Results and discussion
3.1 Geometric accuracy and relative density

Four parameters were used to quantify the geometric
accuracy of the QZS structure: frame thickness (T;), fold
thickness (T,), top angle (6;) and bottom angle (6,)
(see Figure 5(a)). Figure 5(b) displays both angles and
T, as well as T, as a function of the scanning speed (v).
According to the CAD file, the fold thickness and frame
thickness are 1.0 and 0.6 mm, respectively. The LPBF-fab-
ricated part showed slightly larger values, which can be
mainly ascribed to the surface roughness also resulting
from attached partially molten powder particles
(Figure 5(a)). Both thicknesses T, and T, gradually
decreased with increasing v (600 mm/s to 1000 mm/s).
The dimension of T; appeared to be manufactured
more accurate, since it showed a smaller error of
0.049 mm to 0.008 mm compared to T, with an error
ranging between 0.144 and 0.06 mm. Both angles 6,
and 6, gradually increased with faster v from 600 mm/s
to 1000 mm/s (0;: 59.67° to 60.29° with 60° as designated
angle; 6,: 119.85° to 120.24° with 120° as designated
angle).

Figure 6 displays the relative density, roughness (R,)
and surface morphDue to the high complexity of the
crease area of the QZS structure and the selected scan-
ning strategy, the laser scan duration in this region
was longer than for the residual part, so that the fold
area is subjected to higher laser energy input. The result-
ing higher energy input at the fold area led to larger
melt pool dimensions and this is the reason for the
wall thickness within the fold area of part to be larger
than the designated value. The frame of the present
QZS structure was fabricated at also varying scanning
velocities increasing from 600 mm/s to 1000 mm/s. At
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the relatively low velocity of 600 mm/s, comparable
high-energy density processing conditions are
effective, allowing it to reach very high temperatures
even beyond the boiling point of the alloy. Then vapor-
isation might occur [11,42]. Furthermore, a higher
volume of previously solidified materiel is remolten,
too. Those processing conditions lead to overmelting
yielding less accurate part geometry [39]. Therefore,
the thickness of the frame is also larger than the desig-
nated 1 mm (Figure 5(b)). The dimensional deviation of
the frame and fold can be reduced by decreasing the
energy density of the processing conditions by for
instance increasing the scanning speed (Figure 5(b)).
Thereby, less wide and deep melt tracks were deposited
allowing for LPBF-fabrication of parts at higher dimen-
sional accuracy. Yet, these conditions should allow for
full fusion of the deposited melt tracks to layers and
good bonding between the layers which generally
occurs during their remelting. Otherwise, pores might
form adversely affecting the structural stability of the
part. The accuracy of the top and bottom angles can
be additionally affected by the dynamic behaviour of
molten pool. Generally, the melt tends to flow down-
ward under the influence of gravity (Marangoni flow)
which could lead to increasing cone angles and affect
the low frame thickness [45].

Figure 6 presents the relative density, roughness (R,)
and surface morphology of the manufactured QZS part
at varying scanning speeds. The relative density initially
increased up to the part fabricated at 800 mm/s with the
highest value of 99.26% and then gradually decreased
with accelerating velocities down to a relative density
of 98.29% at 1000 mm/s. The analysis of the surface mor-
phology corroborates this trend. From the SEM images
shown in Figure 6(c—e) images, one can observe a
higher density of small pores on the surface of the top
corner of QZS part fabricated at 600 mm/s. By contrast,
no pores were visible at the same region for the part fab-
ricated at 800 mm/s which showed a smooth surface.
Further increase in v to 1000 mm/s, led to the formation
of multiple, large and especially non-spherical pores
with a size of about 40 um in diameter (Figure 6(e)). It
is well known that the densification level of LPBF-fabri-
cated parts with thin-wall structures is sensitive to the
applied processing parameters [46-49]. At low v
(600 mm/s) a relatively high laser energy density was
effective which overheated molten pool. The resulting
vaporisation led to the formation of keyhole pores
within the molten pool composing the thin-wall struc-
ture [50]. At too fast scanning speed, not sufficient
energy is provided to the melt pool limiting its size
and hence not enabling full fusion of adjacent tracks
and layers. Larger pores with irregular shape are the
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Figure 5. (a) Schematic diagram indicating the angles and frame as well as fold thickness of the LPBF-fabricated QZS part; (b) variation
of the cone angles, frame thickness and fold thickness of LPBF-fabricated QZS parts dependent on the laser scanning speed.

consequence, as was observed at the surface of the part
fabricated at 1000 mm/s [51]. Optimum conditions must
be selected, since a high densification level is vital for the
performance of the LPBF-fabricated QZS parts. Highly
porous parts will provide poor tensile properties,
might increase the overall stiffness and the natural fre-
quency of the vibration isolation system. Thus, pores
will make the vibration isolation system unstable and
reduce its efficiency in the low-frequency region which
is not desired.

Figure 6(b) shows the surface roughness at the upper
surface of the LPBF-fabricated QZS parts and Figure 7
displays the respective surface morphologies from the
top corner, fold mark and bottom corner of the QZS
units at increasing scanning speeds. The lowest rough-
ness characterised by an R,-value of 24.62 um was
obtained at a v of 800 mm/s. It is well known that a
rough surface can stem from the balling effect which is
related to the surface tension gradients and resulting
Marangoni convention within the molten pool [52-54].
In particular, the balling effect is more dominant and
more prone to the processing conditions of for the
LPBF-fabrication of parts with thin-walled structures par-
ameters than of bulk parts [55]. The present QZS part is
composed of multiple thin-walled structures with small-
dimension geometric features which only provided
lower thermal conductivity to the substrate. Thus heat
is extracted slower through the additively manufactured
part and in turn radiates stronger into the adjacent
powder bed which could result in partial sintering of

the powder particles and this adversely affect the
density and roughness of the LPBF-fabricated part [56].
This holds especially true for part regions with high geo-
metrical complexity, such as the top corner, fold mark
and bottom corner shown in Figure 7. Owing to the
scanning strategy and inertia of the optical bank, the
edges of the part tend to be overheated resulting in
rounder shape or rephrased enhanced spherification
relative to the frame [57]. Building upon the findings
of Chen et al. [48,58], strategically elevating the laser
scanning speed proves instrumental in significantly
improving both surface quality and densification levels.
Based on the characterisation of the densification level
and surface roughness of the LPBF-fabricated QZS
parts, the optimised process parameters were deter-
mined as laser power P=200 W, scanning speed v=
800 mm/s, layer thickness /=30 um, and hatching dis-
tance h=50 um.

3.2 Microstructure analysis

A mostly uniform and isotropic microstructure would be
ideal for the present quasi-zero-stiffness structure to
efficiently suppress low-frequency longitudinal waves.
Since the microstructure of LPBF-fabricated AlSi10Mg
parts is determined by the processing conditions and
geometry of the part [59,60], three locations of the
fold region with highest geometrical complexity of the
whole QZS part. The complete part was LPBF-fabricated
at identical processing conditions (200 W and 800 mm/
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s), so that we focused on the influence of the geometry whole complete fold is displayed in Figure 8(a),
on the microstructure evolution. In order to investigate =~ whereby the blue, green, and red colours represent
the microstructural features and potential anisotropy  the grain orientations parallel to the <111 > axis, < 101
of the three locations of the fold region, EBSD analysis >axis, and <001 > axis, respectively. Figure 8(b-d)
was performed. The grain orientation map of the shows an enlarged view of the grain orientation maps
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of the three selected regions (Figure 8a: regions |, II, Ill) to
provide better insight into the anisotropy of the fabri-
cated QZS part. All maps demonstrated that the grain
orientation was highly random in all three regions of
the fold. The corresponding grain size distribution and
average values are shown in Figure 8(e). The average
grain size of the investigated regions was determined
to be 12.68 um, which is smaller than that reported for
AISi10Mg complex thin-walled components reported in

and fold mark of the QZS part fabricated by LPBF at increasing scan-

the work of He et al. [56]. This small grain size
stemmed from the relatively small structure providing
large thermal gradient within the molten pool and
hence fast heat extraction from the molten pool to the
substrate. The resulting high cooling rates led to the soli-
dification of a fine microstructure [32]. Figure 9 shows
the pole figures (PF) and inverse pole figure (IPF) inferred
from the EBSD maps (Figure 8(c-€)) of the three selected
fold locations. Only a weak <001 > texture was observed

(@)
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w re
g &
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Figure 8. Three representative areas from the fold area are selected for EBSD analysis: (a) EBSD map of the LPBF-fabricated QZS struc-
ture at the fold mark; (b-d) enlarged view of three selected part regions; (e) Grain size distribution and average values of the QZS part.



along the building direction, since the the solidified
microstructure mainly consisted of refined equiaxed
grains, owing to the rapid solidification of the thin wall
structures. From the EBSD analysis, one can conclude
that the microstructure of LPBF-fabricated QZS speci-
mens was highly homogeneous with weak texture
which is tantamount to a near-isotropic microstructure.
Thus, one can also expect the QZS part to show almost
isotropic mechanical properties.

Figure 10 shows XRD patterns of the QZS parts fabri-
cated by LPBF at different scanning speeds. Regardless
of the exact scanning speed, all microstructures solely
consist of the a-Al phase. We could neither observe
any shift of the reflections dependent on the scanning
velocity nor precipitation of additional phases. Thus,
the applied scanning velocity did not appear to affect
the content of solid solutes in the a-Al grains.

3.3 Quasi-static compression behaviour

Compression experiments were conducted on five
groups of QZS specimens fabricated by LPBF at varying
v, and the representative load-displacement curves are
depicted in Figure 11(a). After loading to a displacement
of 3.5 mm, all QZS structures demonstrated quasi-zero
stiffness behaviour until deformation to a displacement
of 5.5 mm. In order to elucidate this quasi-zero stiffness
mechanism, FEM simulations were undertaken. Sche-
matic in Figure 11(b) visualises the corresponding result
and in addition to that, images were recorded during
compressive testing at the same loading stages to corro-
borate the FEM results. The horizontal fold of the QZS unit
was treated as a horizontal spring during deformation. To
be more precise, the horizontal fold and the frame were
treated as an integrated structure with negative
stiffness, whereas the vertical fold was treated as a vertical
spring providing a constant positive stiffness (Figure 11
(c)). Figure 11(b) displays a sequence of the QZS unit
prior to deformation (original state) and at increasing
compressive loading. Owing to deformation, the unit is
transformed into a new configuration and the corre-
sponding variables of the joints’ translational displace-
ments are shown in Figure 11(c) (right-hand side).
During this deformation process, an averaging method
can be used to describe the periodic solutions of the
present nonlinear dynamics problem [61]:

0'” + 2&10'/ + ZEZ(AW + A110’ + A110'2 e R A]n()'n)()'/

+ (AZO + A210'+ A220'2 + -4 AZnO'n) + 2” =0
(20)

The above equation theoretically verifies the designed
structure to have a quasi-zero stiffness property under
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the designed deformation behaviour. A quasi-static com-
pression simulation was then conducted on the QZS parts
to further verify the quasi-zero stiffness mechanism. The
simulated von Mises stress maps (Figure 11(c), top row)
within the QZS region showed that the vertical fold was
loaded more than the horizontal fold and the frame
area at the beginning of the compression process. With
increasing displacement, the also increasing stress in
the vertical fold was transferred into the horizontal fold.
Owing to this load transfer, the stress remained
unchanged along the vertical direction within the
whole QZS structure and this is the reason why this struc-
ture achieved quasi-zero stiffness.

Figure 11(a) gives a comprehensive description of the
compressive behaviour of the LPBF-fabricated QZS com-
ponent covering stages from initial loading to fracture.
Furthermore, specific areas with QZS occurrences are
marked. The compressive behaviour of the QZS com-
ponent can be segmented into four distinct phases: (1)
the loading phase, (2) the QZS phase, (3) the plastic
deformation phase, and (4) the fracture phase. The
loading phase was completed for all QZS units fabri-
cated at different scanning velocity, at the same displa-
cement of about 3.5 mm, but at differing loads. There
was no dependence of this load on the processing con-
ditions observed. As previously mentioned, the QZS
phase subsequently occurred for all units until a displa-
cement of about 5.5 mm (Figure 11(a)). The occurrence
of the QZS phenomenon in this displacement regime
was also substantiated by simulation results (Figure 11
(b), top row) which align well with experimental
findings (Figure 11(b), bottom row). As schematically
illustrated in Figure 11(c), the frame and lateral springs
contributed to the negative stiffness, while the longi-
tudinal spring contributed to the positive stiffness
during uniaxial compressive loading. We posit that the
QZS phenomenon emerged as a consequence of the
balancing act between the internal compression and
tension within these lateral and longitudinal springs.
These unique QZS characteristics manifested at the
structural level and were substantiated by dynamic evi-
dence, such as the observing the lowest frequency band
gap to align with this specific region, as will be demon-
strated later on. As can be seen from the load-displace-
ment curve, the completion of the QZS phase was
marked by a load-increase on the QZS units at further
deformation. This load increase indicated the plastic
deformation phase which ended with the first fracture
within the component, whereby the QZS units fabri-
cated at v of 700 and 1000 mm/s were the first ones to
fracture. The circular, blue icons indicate this first frac-
ture, which usually occurred at the top corner of the
unit frame, as displayed in the inset of Figure 12 (lll).
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Figure 9. (a) Pole figures (PF) and (b) inverse pole figure (IPF) obtained from the EBSD analysis of the LPBF-fabricated QZS specimen

(see figure 8).

Most of those first break points for all LPBF-fabricated
QZS parts independent on their processing conditions
occurred at a displacement between 13 and 14 mm. By
contrast, the load required to cause this first fracture
varied a lot for the QZS unit and depended on their
LPBF processing conditions. The second fracture (indi-
cated by the diamond, magenta symbol) occurred at a
displacement ranging between 14 and 16 mm for most
QZS parts and also depended on their LPBF processing
parameters. The stress required for the second fracture
to occur was very similar to the stress causing the first
fracture of the QZS component. It should be noted
that, the specimen fabricated at v of 800 mm/s showed
no obvious fracture. The load-displacement curves dis-
played in Figure 11(a) are representative for the QZS
parts fabricated at different scanning velocity.
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Figure 10. XRD patterns of QZS specimens LPBF-fabricated at
various scanning speeds.

Figure 12 depicts experimentally recorded images
and the corresponding FEM simulation results of the
von Mises stress and magnitude of the LPBF-manufac-
tured QZS structure during compressive testing at mul-
tiple stages with increasing load. As the top rigid
compressive plate descends, the stress is induced
into the QZS part and it firstly concentrated in the
folded area which was also the location of the first frac-
ture. The stress concentration became more distinct
with increasing loading which ultimately led to frac-
ture. After the first fracture, a more pronounced
stress concentration occurred at the bottom of the
transverse fold (marked by the red circle in figure 12
(IV)) and it caused the second fracture. At first glance,
one can perceive that the simulation results showed
a high agreement with the experimentally recorded
images, since the shape of the deformed folds nicely
agreed with the experimentally observed ones. Figure
13(a,b) show the morphology of the second-fracture
site of the QZS structures fabricated at v of 600 and
1000 mm/s, respectively. A high density of dimples
was visible on the fracture surface of the LPBF-fabri-
cated QZS structure corroborating the observed,
ductile fracture. With the exception of specimens pro-
duced at a speed of 800 mm/s, which exhibited crack-
ing only at the second-break sites without complete
failure, all other tested samples displayed similar frac-
ture locations and resulting surface morphology.

3.4 Low-frequency vibration isolation property

The densification level and mechanical properties of
the QZS parts are very important for their low-fre-
quency vibration isolation properties. The surface
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the quasi-zero stiffness.

roughness and key geometrical-structural parameters
such as the upper and lower taper angles as well as
the thickness of the thin walls of the QZS parts are
also important for their anti-vibration performance.
According to the work of Limbasiya et al. [62], the
order of importance is as follows: densification behav-
iour > dimensional accuracy (top angle and bottom
angle) > dimensional accuracy (frame thickness) >
surface roughness. Therefore, the QZS parts processed
at v of 800 mm/s were selected for the test low-fre-
quency vibration testing. Figure 14 shows the longi-
tudinal band structure, simulated and experimentally
measured transmission curve of the LPBF-fabricated
QZS parts. From these results, one can infer that the
QZS parts, fabricated with suitable structural par-
ameters for the frame thickness (1 mm), top angle
(60°) and bottom angle (120°), can form ultra-wide
low-frequency longitudinal band gaps. There were
four longitudinal band gaps in the observed frequency
range, where the 1st, 2" the 3" and the 4™ band gaps
range from 660 Hz-780, 1120 Hz-1166 Hz, 1167 Hz-
1330 Hz and 1420 Hz-2570 Hz, respectively. The exper-
imental results also demonstrated the attenuation of
the longitudinal waves over an ultra-wide frequency
range. By further analysis of the wave modes at
different frequencies, one can find that the wave
energy was not only converted to the local resonant
along the wave vector, but also formed abundant
wave-coupling phenomena including transverse and

lateral vibrations to impede the wave propagation.
Based on the calculation of the FRF (Frequency
Response Function) of the LPBF-fabricated QZS parts
(Figure 14(b)), the attenuation mechanism of the longi-
tudinal waves can be proposed. It is found that the
band gap (BG) of the metamaterials consisted of two
parts and that the propagation mode of the longitudi-
nal waves within the metamaterials was completely
different in the second part of the BG. In the frequency
range of the first part, the longitudinal wave was sig-
nificantly attenuated. The longitudinal wave was then
converted into a transverse wave in the frequency
range of part 2. At last, the fabricated QZS parts
were able to attenuate longitudinal waves in an
ultra-wide frequency range exhibiting a quasi-zero
stiffness property as demonstrated in figure 14(c). In
the study conducted by Liu, Li, and Wang [29], scien-
tists enhanced the isotropic elastic characteristics of
conventional thin-walled honeycomb structures by
integrating strategically designed structural features.
The origami metamaterial in this study is also com-
posed through the arrangement and combination of
unit cells with quasi-zero stiffness, resulting in a
greater variety of wave evolution mechanisms [63].
Literature also reports on configurations that provide
nonlinear stiffness by utilising geometric nonlinearities,
but these configurations require the introduction of
redundant structures. Le and Kwan Ahn [64], for
instance, explored a QZS isolation system with two
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Figure 12. Comparison between experimental and simulated results of the LPBF-manufactured QZS parts subjected to uniaxial com-

pressive loading. The green arrow marks the loading direction.

buckled beams serving as negative stiffness elements.
Their experimental results showed that the reductions
around the resonance of the double-beam system
were greater than those around single-beam systems
under comparable uniaxial compressive loading. Liu,
Peng, and Jin [23] proposed a new class of quasi-zero
stiffness (QZS) vibration isolation systems inspired by
origami metamaterials for high-performance vibration
suppression. In our work, compared to theirs, we
observed four bandgaps and a wide range in the low-fre-
quency spectrum up to 3000 Hz. Our structure not only
introduced bandgaps within the ultra-low-frequency
range but also ensured adequate load-bearing capacity.
This can be attributed to the utilisation of laser powder
bed fusion (LPBF) as a fabrication method, imparting

superior strength, heightened load-bearing capacity,
increased stability, and enhanced reliability to the QZS
part.

4. Conclusions

Miura-origami tube inspired quasi-zero stiffness
metamaterial was prepared by Laser powder bed
fusion (LPBF). The effect of laser scanning speed, a
key process parameter, on the densification behaviour,
geometric accuracy, compressive property and low-
frequency vibration isolation property was systemati-
cally investigated. Based on the results and discus-
sions, the following important conclusions can be
drawn:
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Figure 13. SEM images of fracture surface of the QZS structures fabricated with at scanning speeds: (a) 600 mm/s; (b) 1000 mm/s.

(1) The thickness and structural characteristics of thin-

incomplete fusion defects. Conversely, overly slow
walled structures can significantly impact the

laser scanning speeds can lead to an increase in

forming outcomes. Regions with intricate structure
are particularly susceptible to pronounced spheroidi-
zation effects. Excessive laser scanning speeds can
diminish the energy density potentially resulting in

holes and an exacerbation of the spheroidization
effect ultimately leading to reduced formability. In
the present case, optimal formability was attained at
a laser scanning speed of 800 mm/s and the
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Figure 14. (a) Longitudinal band gaps of the QZS structure; (b) Simulated transmission curve of the QZS structure; (c) Experimentally
obtained transmission curve of the QZS structure.
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microstructure of the corresponding QZS specimens
fabricated by LPBF, was highly homogeneous and
only showed a weak texture being tantamount to iso-
tropic characteristics. Thus, an optimised set of
process parameters was identified for LPBF-fabrication
of geometrical-complex T mm thin-walled structures.

(2) The QZS parts were subjected to uniaxial compres-
sive loading and the experimental results aligned
well with the corresponding simulations well. The
LPBF-fabricated structure showed quasi-zero
stiffness behaviour (QZS) region at displacements
between 3.5 mm and 5.5 mm. During compression,
the vertical fold was loaded more than the horizon-
tal fold and the frame region. With increasing displa-
cement, tensile forces evolved in the horizontal folds
and they gradually counterbalanced the compres-
sive forces in the vertical folds, leading to the emer-
gence of QZS behaviour.

(3) These LPBF-fabricated QZS parts showed four longi-
tudinal band gaps in the observed frequency range
with the 1st, 2nd the 3rd and the 4th band gap
ranging from 660 Hz-780, 1120 Hz-1166, 1167 Hz-
1330 and 1420 Hz-2570 Hz, respectively. The LPBF-
fabricated QZS parts demonstrated quasi-zero
stiffness characteristics which enabled them to gener-
ate low-frequency resonance and to be applied for
the absorption of low-frequency longitudinal waves.

This work demonstrated a novel way of controlling
longitudinal waves at ultra-low frequencies, and further-
more shed light on how one can steer elastic waves
within LPBF-fabricated structures. Such LPBF-fabricated
QZS structures can find application in the aerospace
sector for energy-absorbing protective structures and
in the protection of precision instruments, due to
effective vibration damping [65-76].
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