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Abstract: Vibration isolation performance at low-frequency ranges before resonance is a vital charac-
teristic that conventional springs cannot exhibit. This paper introduces a novel zero Poisson’s ratio
graded cylindrical metamaterial to fulfill two main goals: (1) vibration isolation performance in low-
frequency bands prior to resonance and (2) global buckling control of a long cylindrical tube. For this
purpose, “soft and stiff” re-entrant unit cells with varying stiffness were developed. The cylindrical
metamaterials were then fabricated using a multi-jet fusion HP three-dimensional (3D) printer. The
finite element analyses (FEA) and experimental results demonstrate that the simultaneous existence
of multi-stiffness unit cells leads to quasi-zero stiffness (QZS) regions in the force-displacement
relationship of a cylindrical metamaterial under compression. They possess significant vibration
isolation performance at frequency ranges between 10 and 30 Hz. The proposed multi-stiffness
re-entrant unit cells also offer global buckling control of long cylindrical tubes (with a length to
diameter ratio of 3.7). The simultaneous existence of multi-stiffness re-entrant unit cells provides
a feature for designers to adjust and control the deformation patterns and unit cells” densification
throughout cylindrical tubes.

Keywords: vibration isolation; low frequencies; metamaterials; multi-stiffness unit cells; global
buckling; 3D printing

1. Introduction

For decades, the modification and development of new materials with intrinsic prop-
erties have been predominately carried out by altering the chemical composition of the
material. This practice has enabled the development of a large market for materials that
can be applied to diverse and complex applications [1]. On the contrary, mechanical
metamaterials propose a unique alternative to “traditional” materials and offer distinctive
properties [2]. Mechanical metamaterials are artificially engineered structures developed
by repeating units of mechanical sub-structures [2]. Unlike conventional materials, the
macroscopic properties of metamaterials are predominately based on the specific design of
the cells, not their chemical composition.

Mechanical properties can be programmed to a wide variety of conventional designs
via the use of 3D printing technology. Mechanical metamaterials are divided into several
main groups, including positive Poisson’s ratio (PPR) structures such as honeycombs [3-6],
zero Poisson’s ratio (ZPR) structures [7-9], and negative Poisson’s ratio (NPR) structures, so-
called auxetics [10-13]. Metamaterials have been used for various applications, including
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electromagnetic fields for achieving negative permeability, acoustics, and vibration isola-
tion [14-16]. Vibration isolation in low-frequency ranges can be controlled by designing
mechanical metamaterials in specific ways based on several constraints and considerations
such as negative or quasi-zero stiffness (QZS) metamaterials [17-22].

Off-road vehicles” suspensions are designed to be very hard and inflexible to resist
the rough road conditions they operate in, reducing the chassis suspension’s capacity
to efficiently isolate vibrations. Meanwhile, the vibration magnitude in such vehicles is
multiple times more severe than in ordinary passenger vehicles driving on good motorable
roads. Therefore, drivers operating in sectors such as mining, construction, and agriculture
who spend many hours a day on the road are particularly vulnerable to the potentially
harmful vibrations that result from poor road conditions. Studies have shown low fre-
quency, whole-body vibrations could cause various health issues, including increased
tiredness, fatigue, motion sickness, vertebrae diseases, digestive and vision issues, balance
impairment, and a reduction in reaction times [23]. Due to the glaring consequences of
vibration on the health of off-road vehicle drivers, industry players have considered it a
critical factor in the design and manufacturing of automotive vehicles. Vehicle occupants
often experience vibrations in the frequency range of 0 to 20 Hz which mainly affect health
due to the resonant frequency of human organs. This indicates the importance of proper
vibration isolators in vehicles to attenuate vibrations within this low-frequency band [23].

From a mechanical point of view, traditional linear spring vibration isolation systems
are incapable of significantly suppressing low-frequency vibrations. To overcome this
limitation of traditional isolators with low-cost passive systems, nonlinear isolators can be
used [21]. QZS isolators with characteristics of high-static and low-dynamic stiffness have
nearly zero overall dynamic stiffness without affecting the loading capacity of the system
due to their inherent high-static stiffness. The high-static and low-dynamic combination
of these non-linear systems promises low-frequency vibration isolation [21]. Typical QZS
mechanisms combine a positive and negative stiffness element to produce a net zero
stiffness [24].

A quasi-zero stiffness isolator is identified by the zero stiffness “plateau” region on
a force-displacement curve following a static compression test. When a mass is placed
on the QZS isolator, it causes the system to compress and situate in the plateau region;
the dynamic stiffness of the isolator then becomes zero or near zero. The force resulting
in the plateau region is often referred to as the “QZS payload” [21]. Quasi-zero stiffness
mechanisms can be devised through a variety of different mechanisms and designs. The
vast majority of QZS isolators are currently being developed by combining oblique and
vertical springs, the buckling of beams, or via magnet rings [25]. QZS can also be achieved
through the design of mechanical metamaterials, enhanced by developments in 3D printing
technologies allowing for the manufacturing of complex cellular geometries. Unlike the
spring system, negative stiffness can also be realized in metamaterials by buckling the unit
cell [24,26]. For a mass to be isolated from vibrations using a metamaterial structure with
QZS, its mass must be primarily supported by the positive stiffness element.

The main contribution of this work is the control of low-frequency vibration isolation in
cylindrical metamaterials harnessed through the control of global buckling. This study aims
to introduce new QZS graded cylindrical metamaterials with ZPR for potential applications
as passive vibration attenuators in vehicles within the low-frequency band, the comfort
zone of the human body, ranging from 10 to 30 Hz. To do so, the simultaneous presence
of multi-stiffness unit cells, “soft and stiff re-entrant unit cells”, is devised, leading to the
appearance of a QZS, plateau, region in the force-displacement relationship. The multi-
stiffness unit cells provide adjustable deformation patterns and global buckling control
throughout the cylindrical metamaterials by considering a specific arrangement of soft
and stiff unit cells, resulting in isolating external excitations at low-frequency ranges. The
designed cylinders will be fabricated using 3D printing, and the FEA and experimental
results will be conducted to demonstrate the contributions.
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The rest of the paper is organized as follows: Section 2 describes the materials used,
fabrication details, and the geometries of the cylinders, as well as the finite element simu-
lation results. Section 3 presents the results of the experiments and discusses them with
the FEA results of different cylinder designs. The main achievements of the study are
summarized in Section 4.

2. Materials and Methods
2.1. Unit Cell Designs

From a structural standpoint, architected structures gain their mechanical properties
from the specific unit cells’ geometry rather than the parent material used for fabrication.
Gradients are considered in the design of the cylinders by introducing diversity in unit cells’
designs, cell wall thicknesses, or both. This could be employed to enhance such mechanical
properties as energy absorption performance and crashworthiness behavior. The graded
cylindrical metamaterials are developed in this study by introducing two multi-stiffness
re-entrant unit cells, so-called “soft and stiff unit cells”, as shown in Figure 1. The unit cell
parameters are also provided in Table 1.

(S)
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(a) (b)
Figure 1. (a) Soft and (b) stiff re-entrant unit cells.
Table 1. “Soft and stiff unit cells” parameters.
Symbols Ll L2 01 02 03 91 62
Values (mm) 22 22 11.3 11.3 45 45 45

2.2. Design of the Graded Cylindrical Metamaterials

According to the re-entrant unit cells, some different designs for graded ZPR cylin-
ders [12,13] are proposed for the consideration of QZS properties as depicted in Figure 2.
Since ZPR cylinders were investigated earlier, the QZS characteristic of the ZPR cylinders
is the main contribution of this study, achieved via buckling control and “soft and stiff unit
cells”. To have comparable results, it is worth mentioning that the mass of all cylinders was
kept constant by either increasing or decreasing the wall thickness. In this regard, the mass
of all cylinders is the same, 50 g, except for long cylinders with a 100 g mass.
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Figure 2. Various designs and models of graded cylindrical metamaterials.

2.3. Fabrication Process

A multi-jet fusion (MJF) 3D printer was used to fabricate the cylindrical metamaterials
from Polyamide 12 (PA12). Table 2 provides information on the MJF 3D printing parameters
used in this study.

Table 2. MJF 3D printer set-up parameters.

Properties Value/Type
Fresh Material 20%
Print Profile Mono Balanced
Cooling Profile Natural Cooling
Packing Density 10.42%

2.4. Material Behaviors

Polyamide 12 (PA12) was the parent material. To obtain the mechanical properties
of PA12, five material tensile-testing samples were designed as per ASTM D638-14. The
samples were prepared with the dimensions provided in Figure 3a and 3D-printed as
shown in Figure 3b. A test speed of 5 mm/min was applied during the tensile tests and the
force-displacement behavior of the cylinders was measured using the Instron 5567 50 kN
load frame. The stress-strain relationship of the PA12 is provided in Figure 3c. As can
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be seen, the material exhibited linear behavior in the beginning, followed by a softening
non-linear response until the break-down point quite similarly in all the samples.
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Figure 3. (a) Schematic view of ASTM d638-14, (b) 3D-printed tensile tests, and (c) PA12 stress-strain
relationship.
2.5. Cylindrical Metamaterials, Mechanical and Vibration Tests

PA12-based cylindrical metamaterials fabricated by the MJF 3D printer are shown in
Figure 4. The geometrical specifications are the same as shown in Figure 2.

Model 1

Model 2 Model 3

Figure 4. 3D-printed cylindrical metamaterials.

After printing the cylindrical metamaterials, quasi-static compression tests were con-
ducted on the 3D-printed cylinders using the Instron 5567 50 kN load frame, with a
displacement rate of 5 mm/min as well (see Figure 5).

To conduct the vibration analysis, a vibration shaker (S 5220-120 Vibration Exciter,
TIRA GmbH, Schalkau, Germany) was used, coupled with an amplifier (BAA 1000-E
Amplifier, TIRA GmbH, Schalkau, Germany) and controller (Vibration Research 9500,
Jenison, MI, USA), to precisely control and record the vibration accelerations applied to the
cylindrical metamaterials. The experimental setup is shown in Figure 6. The metamaterials
are placed on top of the shaker using supports cut out from lightweight medium-density
fiberboard to increase the surface area on which the input vibrations were applied. Four
cylindrical metamaterials were placed on top of the shaker for each model analysis to
achieve stability during vibration tests. Accelerometers were then attached to the top and
bottom of the supporting plates to record the input (bottom plate connected to the shaker)
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and output (top plate above the metamaterial) accelerations. The data were then recorded
and compiled to understand the vibration level difference (VLD) between the plates.

Compression

—>

Accelérometers
Mass

. (Payload)

R

b 4

~
Era—y

o5 é—eentroller

Figure 6. Mechanical vibration experimental set-up.

Using the Tira vibration shaker set-up as shown in Figure 6, the vibration level
difference (VLD) was determined by recording the acceleration applied to the bottom plate
directly via the shaker (input acceleration) and the acceleration sensed on the top plate
above the cylindrical metamaterials (output acceleration). The vibration level difference
could then be calculated from Equation (1).

VLD = 20log (“"””’”t> )

Ainput

For frequency ranges in which the VLD was below zero, vibration isolation was
achieved (aoutput / @inpur < 1). This means that the vibrational accelerations experienced on
the top plate above the metamaterials were less than the input accelerations on the bottom
plate applied by the Tira shaker. Figure 7 exhibits the incapability of the springs to isolate
external excitations at low-frequency ranges.
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As this project primarily aimed to achieve vibration isolation at low frequencies,
particularly those ranging from 0 to 20 Hz, vibration tests were conducted by applying
constant accelerations to the base plate. The accelerations were applied using a sine sweep
between 0 and 30 Hz. Results were determined for four input accelerations related to the
varying subjective comfort levels of the human body, including fairly comfortable, less
comfortable, not comfortable, and uncomfortable, as provided in Table 3.

Vibration Amplification

-
-

Vibration Isolation

=]

Vibration level difference (dB)

Frequency (Hz)
Figure 7. VLD-frequency relationship of springs.

Table 3. Comparison of the weighted acceleration experienced by the human body [27].

Weighted Acceleration Value The Subjective Experience of the Human Body
<0.315 Very Comfortable
0.315-0.63 Fairly Comfortable
0.5-1 Less Comfortable
0.8-1.6 Not Comfortable
1.25-2.5 Uncomfortable
>2 Very Uncomfortable

2.6. Finite Element Analysis

Compression processes of cylindrical tubes were simulated using ABAQUS/Explicit
software version 6.12 (Dassault Systemes, Vélizy-Villacoublay, France) [28]. For this pur-
pose, two rigid plates were considered. Then, two reference points were assigned to the
rigid plates to apply boundary conditions and compressive displacements. The cylindri-
cal tubes were then confined between two rigid plates. The bottom reference point was
fully constrained along with the three principal directions, whereas the top one moved
downwards to compress the cylindrical tubes as illustrated in Figure 8. A general contact
was established between the rigid plates, cylindrical metamaterials, and the cell walls to
prevent interpenetration.Furthermore, as PA12 is the parent material, a proper value of the
friction coefficient, 0.15, was considered [29].

As the cell walls in cylindrical tubes possess pure bending under compression, three-
dimensional (3D) solid continuum hexahedral elements containing eight nodes with second-
order accuracy, exhibiting accurate results in bending, so-called the C3D8R, are considered.
For rigid plates, the R3D4 element type was selected. In an FEA, the response surface
of a model will be divided into several fine regions to obtain the most accurate results
during analysis. This surface division of a model is called the “element seed size”. To
achieve accurate results, a convergence study was conducted to find the best and most
efficient element size. The seed sizes were changed from 1 mm to 0.4 mm, with an interval
of 0.3 mm. Due to the great coincidence between the FEA and the experiment when the
0.4 mm seed size was considered, see Figure 9, this seed size was selected for carrying out
the FEA on the cylindrical metamaterials.
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As a dynamic explicit module was used to perform the FEAs, the velocity must be
correlated to an actual quasi-static compression test condition. Figure 10 compares the
kinetic and internal energies of “model 1” cylindrical metamaterials under quasi-static
compression at a velocity of 1000 mm/s, where kinetic energy is negligible compared to

the internal energy.

| Velocity

\{

Fixed

Figure 8. Boundary conditions in the FEA.
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Figure 9. Mesh convergence study.
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Figure 10. A comparison between internal and kinetic energy obtained from the FEA related to

model 1.
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3. Results and Discussions
3.1. A Comparison between Soft and Stiff Re-Entrant Unit Cells

To have a deeper understanding of “soft and stiff” re-entrant unit cells and why they
are named so, two cylindrical tubes with the same repetitions of the unit cells (five times
and four times, axial and radial repetitions, respectively) were considered, as illustrated
in Figure 2. Figure 11 shows the deformation patterns of the cylindrical tubes under
compression, possessing instabilities at high displacements. This is the main reason why
the graded cylindrical metamaterials with the diversity in unit cell designs of “soft and
stiff re-entrant unit cells” are introduced. In essence, the graded cylindrical metamaterials
comprise soft and stiff cells to adjust the unit cell densifications (discussed in detail in the
next sections). Finally, Figure 12 shows the higher stiffness of the stiff re-entrant unit cell
compared with the soft re-entrant unit cells, as the curve slope in the elastic region related
to the stiff cylinder is greater than that of the soft cylinder. Additionally, the soft cylinder
possesses a softening behavior after 15 mm of displacement. On the contrary, apart from
the instabilities at high compressive displacements, the stiff cylinder exhibits a hardening
behavior. The displacement zone between 20 mm and 40 mm in Figure 12 indicates the
overcoming of initial resistance of soft and stiff cylinders under compression.

(b)

Figure 11. The deformation mechanisms of (a) soft and (b) stiff cylindrical tubes, shown in Figure 2,
under compression.
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Force (N)

Curve Slope
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10 20 30 40 50
Compressive Displacements (mm)

Figure 12. The force-displacement relation related to soft and stiff cylinders, shown in Figure 2,
obtained from the FEA.

3.2. Deformation Patterns

This section describes the deformation patterns of ZPR cylindrical metamaterials
containing the simultaneous “soft” and “stiff” unit cells. As can be seen in Figure 13, when
the compressive displacements are applied, the “stiff” unit cells lead to the densification of
“soft” unit cells first. This is the considerable variability in the stiffness of the unit cells that
gives rise to the occurrence of a plateau region (zero stiffness) in the force-displacement
relationship. By analyzing the compressive behavior of the metamaterials, the force-
displacement relations can be divided into three main parts (see Figure 14). The positive
stiffness region (region I) is due to the compression of “soft” unit cells until overcoming
the soft unit cells’ initial resistance. In fact, this region acts as a linear spring with positive
stiffness. Then, the QZS region (region II) is caused by the densification of the soft unit
cells, but not the collapse of stiff unit cells (see the region shown in the red rectangle in
Figure 13). Finally, region III is where the full densification of cylinders under compression
begins, resulting in an upward trend in the force-displacement relationship. Comparing the
deformation patterns between FEA results and experiments, they exhibit good agreements
in terms of deformation patterns under compression (see Figure 13).
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Figure 13. The comparison of deformation mechanisms between experiments and the FEA of
cylinders Models 1-4.
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Figure 14. The force-displacement relations of the cylinders under compression obtained from the
experiments.

3.3. Control of Global Buckling

Cylindrical structures are widely considered for various industries, ranging from au-
tomobile to aerospace industries [30,31]. What makes the cylindrical structures superior to
the lattice panels is their capability to carry high levels of axial and/or transverse compres-
sive loadings [32]. From a mechanical standpoint, cylindrical structures mainly experience
two types of buckling under axial compression: local and global buckling [33,34]. In local
buckling, though the axis of the cylindrical structures remains straight and unchanged, the
cylindrical structure’s cross-section buckles, leading to the formation of different sectional
areas. Whereas, when it comes to global buckling, the axis of the cylindrical tube faces
abrupt changes in its position. As mentioned earlier, the specific arrangement of soft and
stiff re-entrant unit cells leads to controlling the global buckling of the cylindrical tubes
under compression (see Section 3.2). However, the perennial question that comes to mind is
what would happen if a long cylindrical tube compresses. In this situation, even though the
specific arrangement of “soft and stiff re-entrant unit cells” plays a crucial role in controlling
global buckling, the role of multi-thickness unit cells is hard to ignore. Indeed, graded
metamaterials can be created by varying cell wall thickness, unit cell configurations, or
both. As depicted in Figure 15, a cylindrical tube with a high length to diameter ratio of
(L/D =3.7) and constant cell wall thicknesses possesses global buckling under compres-
sion. On the contrary, the same cylindrical tube with multi-thickness unit cells possesses
the capability of controlling global buckling. This means that using different unit cells’
configurations and multi-thickness walls leads to adjusting the cylindrical tube’s local
stiffness, resulting in controlling the unit cells’ collapse and densification. Consequently,
the proposed soft and stiff unit cell configurations with simultaneous multi-thickness walls
can densify the cylindrical metamaterial layer-by-layer to avoid the occurrence of global
buckling. Figure 15b shows the hierarchy of unit cells” densifications under compression.
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(b)

Figure 15. The deformation patterns of long cylinders with (a) the same and (b) multi-thickness cell
walls, shown in Figure 2, under compression.

3.4. Vibration Isolation Capability

To provide stability for the whole model under external excitation, as each cylindrical
metamaterial exhibits QZS (see Section 3.2), it is more logical to take all cylindrical meta-
materials into account during experiments instead of evaluating the vibration performance
of each cylindrical metamaterial separately (see Figure 16).
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(b)

Figure 16. The (a) instability of one and (b) the stability of four cylindrical metamaterials under

vibration test.

As discussed previously (see Section 3.2), the force-displacement relationship of the
cylindrical metamaterials contains three main parts, including two positive stiffness regions
(regions I and III) and one quasi-zero region (region II). When an object is placed on
the cylindrical metamaterials, its weight is mainly supported by the positive stiffness
region I. When an equilibrium condition is established, the QZS appears in the force-
displacement relationship. In fact, the object will be isolated based on the QZS region II (the
plateau region in the force-displacement relationship). Afterward, sinusoidal excitations are
applied to the bottom plate via the shaker. Figure 17 shows the soft unit cells” compression
leading to vibration isolation in cylindrical metamaterials. Figure 18 demonstrates the
evaluation of the 3D-printed graded cylindrical metamaterials under different vibration
scenarios, including an average amplitude of 0.03 G (0.29 m/s?), 0.064 G (0.63 m/s?),
0.09 G (0.88 m/s?), and 0.11 G (1.1 m/s?). As shown in Figure 18, the proposed cylindrical
metamaterials exhibit the capability of isolating external excitations at low frequencies,
ranging from 10 to 30 Hz, mainly before the resonance peaks. This is the most remarkable
characteristic of the cylindrical metamaterials designed in this study. In other words, the
more negative the VLD parameter becomes, the better vibration isolation performance
the cylindrical metamaterials possess. This characteristic conflicts with linear isolators
experiencing large static deflection to obtain a low natural frequency. Evidence of vibration
isolation before resonant peaks is a phenomenon that is quite challenging to achieve with
traditional vibration isolators.

Figure 17. The compression of soft unit cells under external excitations.
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Figure 18. VLD for different input accelerations related to the comfort level of human body obtained
from vibration tests on the Models (1-4).

4. Concluding Remarks

This study introduced novel 3D-printed graded cylindrical metamaterials for fulfilling

two main aims: isolating external excitations in low-frequency ranges before vibration
resonance and controlling long cylinders” global buckling under compression. The findings
are summarized as follows:

“Soft and stiff” re-entrant unit cells with varying stiffness are introduced.

The different unit cells” configurations and cell-wall thicknesses are considered the
gradient items.

The variability in the unit cells’ stiffness is caused by the specific designs of the unit
cells, as shown by simulation using the finite element method and verified using
experimental results.

The variability in the unit cells’ stiffness leads to controlling the unit cells’” densification
throughout the cylindrical metamaterial under compression. This means that the
cylindrical metamaterials comprise a specific arrangement of the unit cells, leading to
controlling long cylindrical tubes” global buckling (cylindrical tubes with a 3.7 length
to diameter ratio).

The considerable difference in “soft and stiff” unit cells” stiffness leads to the ap-
pearance of quasi-zero stiffness (QZS) in the force-displacement relationship under
compression, making the graded cylindrical metamaterials superior in terms of vibra-
tion isolation over the conventional isolators.

Unlike conventional springs, graded cylindrical metamaterials can isolate selective
external excitations in low-frequency ranges from 10 to 30 Hz, verified through experi-
mental vibration tests. These frequency ranges are related to the subjective comfort
levels experienced by the human body in off-road vehicles.
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