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a b s t r a c t

Mechanical vibration isolation with adaptable payloads has always been one of the most challenging
topics in mechanical engineering. In this study, we address this problem by introducing machine
learning method to search for quasi-zero stiffness metamaterials with arbitrarily predetermined pay-
loads and by employing multi-material 3D printing technology to fabricate them as an integrated part.
Dynamic tests demonstrate that both the single- and multi-payload metamaterials can effectively isolate
mechanical vibration in low frequency domain. Importantly, the payload of the metamaterial could be
arbitrarily designed according to the application scenario and could function at multiple payloads. This
design strategy opens new avenues for mechanical energy shielding under various scenarios and under
variable loading conditions.
© 2024 The Authors. Published by Elsevier B.V. on behalf of The Chinese Ceramic Society. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Metamaterials[1e3] have provided an effective route to solve
the crucial problems in industry, examples include electromagnetic
(EM) cloak [4,5], perfect lens [6], EM absorber [7], and so on [8,9]. In
the field of mechanical metamaterials, extraordinary properties,
such as negative Poisson's ratio [10,11], negative thermal expansion
[12,13], multistability [14,15], and elastomechanical cloaking [16],
have been proposed to achieve versatile functionalities, including
impact energy dissipation/absorption, acoustic wave manipulation
[17,18], mechanical vibration shielding and so on. Among them, full
frequency band vibration isolation with adaptable payloads has
always been one of the most difficult problems to be solved.
Because most of the time, mechanical vibrations in low and
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ultralow frequency (e.g., lower than 10 Hz) are harmful to our
health [19,20]. Besides, vibrations will bring measurement errors
and shorten the working life of precision instruments.

Recent advances in machine learning [21], and three-
dimensional (3D) printing [22] are transforming our design from
imagination into realistic artificial structures. On this basis, various
mechanical metamaterials with high-static-low-dynamic-stiffness
performance for low-frequency vibration isolation performance
have been proposed[23e25]. Most of them are designed based on
the quasi-zero stiffness mechanism by combining negative and
positive modules appropriately to create an effective stiffness close
to zero in specific displacement region [26e28]. This method is
highly effective to solve the inherent contradictory between low-
frequency vibration isolation performance and payload capacity
in traditional vibration isolation materials (foams, springs, etc.).
However, there are also some aspects to be improved. Firstly, on the
aspect of designing methodology, most of the proposed works are
achieved based on ad hoc method, a trial-and-error process that is
highly dependent on the intelligence of researchers and could be
inefficient and time-wasting [29]. Secondly, the vibration isolation
performance of achievedmetamaterials in low/ultra-low frequency
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band is often unsatisfactory as a result of the inefficiency of design
method. It is still difficult to achieve low frequency vibration
isolation and the designed working range of displacement is usu-
ally too narrow that could not fulfill the practical application under
large vibration amplitude [30]. Thirdly, most of the reported met-
amaterials are usually designed for one single payload or multiple
payloads by simply connecting unit cells in series[31e33], and
arbitrarily pre-determined multi-payload is still under investiga-
tion. Lastly, in terms of fabrication, mechanical metamaterials with
excellent vibration isolation performance are often fabricated by
traditional assembly method, which is inconvenient, high-cost, and
will bring assembly error in the structure [34,35]. Recently reported
works have employed 3D printing to fabricate their metamaterials
as an integrated part. Most of them are printed with only one
material (either rigid or soft) [32], which limits the design space
and usually lead to great difference of geometric size of different
areas in the metamaterial.

Here, to address the above-mentioned challenges, we introduce
a machine learning-based modular design method to search for the
optimal quasi-zero stiffness metamaterials with arbitrarily pre-
determined single- or multi-payloads. The metamaterials are
fabricated by multi-material 3D printing technology which could
deposit rigid and soft materials simultaneously in one integrated
sample. Dynamic experiments demonstrate the vibration isolation
performance of the proposed metamaterials with different pay-
loads. These metamaterials offer a novel design approach in multi-
payload mechanical metamaterials for vibration isolation
applications.
2. Experimental section

2.1. Machine learning design process

The design of the quasi-zero stiffness meta-atom starts with a
typical quasi-zero stiffness design as presented in Fig. 1a [26]. The
model combines negative element (side tilting beams) with posi-
tive element (curved beams in the middle). To identify the optimal
combinations of geometric parameters for the quasi-zero stiffness
meta-atom that would satisfy the desired working payload, a ge-
netic algorithm (GA) combined with Finite element analysis (FEA)
was applied. The structural evolution process was performed to
find out the optimalmeta-atom. GA could be readily combinedwith
the COMSOL Multiphysics finite element simulations via LiveLink™
for MATLAB®. Details could be found in the literature [36]. By
applying GA, a population size of 30 quasi-zero stiffness meta-
atoms is initially generated. Static analysis will be performed to
calculate the force-displacement curve of each meta-atom, from
which we take a series of points and compare their force value with
our desired payload value (Fig. 1b), and calculate the error to
evaluate the fitness function.

Then, the genetic algorithm is employed to find out an optimal
solution by genetically breeding a population of individuals over a
series of generations until the change of fitness function between
two adjacent generations is smaller than the tolerance.

Based on the fitness value, we sort and perform roulette wheel
selection operations on the population, choosing individuals with
higher fitness to proceed to the next generation. Then, we apply
crossover and mutation operations to generate new individuals
(Fig. 1c). The crossover operation generates new offspring in-
dividuals by combining parts of the features of two parent in-
dividuals. The mutation operation introduces new variations by
randomly changing some features of an individual.
2

2.2. Fabrication of the metamaterials

The metamaterial samples are then fabricated using the multi-
material fused deposition modeling (FDM) technology (Blue-
Maker 335, BlueMaker Technology Group, Shenzhen, China). The
schematic of multi-material FDM process is presented by Fig. 1d. In
our research work, we adopt PLA as rigid material (PLA Matte,
Bambu Lab, Density rrigid ¼ 1310 kg/m3, Young's modulus
Erigid ¼ 2360 MPa) and TPU as soft material (TPU 95A HF, Bambu
Lab, Density rsoft ¼ 1220 kg/m3, Young's modulus Esoft ¼ 29 MPa).

3. Results and discussion

3.1. Finite element analysis simulation

We start the design of a single payloadmechanical metamaterial
by employing the above-mentioned machine learning method. The
initial structure of the meta-atom we choose in this work is a
typical quasi-zero stiffness structure that combine negative
element (side tilting beams) with positive element (curved beams
in the middle), which is characterized by 8 parameters, including a,
c, d, h, r, l, q as presented in Fig. 2a, and the out-of-plane thickness of
the model b.

Because of the calculation cost during the GA evolution, we
choose an acceptable mesh size to ensure the design accuracy and
FEM calculation cost. In the future study, we will choose smaller
mesh size and more accurate material parameters to improve the
FEM calculation accuracy. Here, to validate the designing process,
we set a payload goal as 3 N. By employing genetic algorithm
combined with finite element analysis, we obtained an iteration
process described by Fig. 2b, fromwhich we can see that the result
converged at about 70th generation. To validate the searching
result, we plot the force-displacement curves of the best meta-
atom individuals in the 1st generation, 6th generation, and 70th
generation, respectively, as presented in Fig. 2c. We could see that
the best meta-atom in 70th generation shows quasi-zero stiffness
corresponding to our target payload of 3 N, while thosemeta-atoms
in 1st and 6th generation present great discrepancy. We also pro-
vide the simulated deformation images of the optimal meta-atom
in Fig. 2d, which demonstrates a working displacement range
from 4 mm to 16 mm with quasi-zero stiffness property.

Based on the successful searching of meta-atomwith one single
payload, we then developed the mechanical metamaterial with
multi-payload by using the same machine learning method. The
schematic illustration of the metamaterial with two staged pay-
loads is presented in Fig. 3a, which is characterized by 15 param-
eters, including a1, a2, h1, h2, h3, h4, r1, r2, c1, c2, d1, d2, q1, q2, and the
out-of-plane thickness of the model b.

The two payload stages we set as the optimization goal in this
work is arbitrarily selected as F1 ¼ 3 N, and F2 ¼ 7 N. The iteration
process is presented in Fig. 3b, from which we could see that an
optimal result that could fulfil our requirement is achieved in 60th
generation. Just like themeta-atomwith single payload, we plot the
force-displacement curves of the best meta-atom individuals in the
1st generation, 10th generation, and 60th generation, respectively,
as presented in Fig. 3c, to compare the static mechanical perfor-
mance of them. We could see that the best meta-atom in 60th
generation shows a clear 2-staged quasi-zero stiffness plateau
corresponding to our target payload of F1 ¼ 3 N and F2 ¼ 7N,
respectively. By contrast, the meta-atoms in 1st and 10th genera-
tion shows more or less some deviations from our designing goals.
The simulated deformation images of the optimal meta-atom in
60th generation are presented in Fig. 3e, corresponding to the
initial configuration ①, configuration ② with displacement of
5 mm and ③ with displacement of 10 mm, respectively, which



Fig. 1. Concept of investigation process of quasi-zero stiffness mechanical metamaterial for vibration isolation. (a) A zero stiffness meta-atom by combining positive and negative
modules. The green and gray material represent rigid and soft material, respectively. (b) Several points on the force-displacement curves are employed to compare with the desired
payloads and evaluate the quasi-zero stiffness performance of the meta-atom. (c) Schematic illustration for the genetic algorithm employed to search for the optimal quasi-zero
stiffness meta-atom. (d) Schematic of multi-material 3D printing technology to fabricate the quasi-zero stiffness meta-atom.

Fig. 2. Design of the mechanical metamaterial with single payload by machine learning method. (a) Schematic illustration of the quasi-zero stiffness meta-atom with single
payload. (b) Iteration history of the meta-atom. (c) Force-displacement curves of the best meta-atom individuals in the 1st generation, 6th generation, and 70th generation,
respectively (d) Simulated deformation process and mechanical behavior of the optimal meta-atom.
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Fig. 3. Design of the mechanical metamaterial with two predeterminedpayloads by machine learning method. (a) Schematic illustration of the two-stage payload quasi-zero
stiffness meta-atom. (b) Iteration history of the two-stage payload meta-atom. (c) Force-displacement curves of the best two-stage payload meta-atom individuals in the 1st
generation,10th generation, and 60th generation, respectively (d) The force displacement curve of the optimal structure. (e) Simulated deformation process of the optimal two-stage
payload meta-atom.
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shows that the working range of the first stage payload is
approximately from 1 mm to 5 mm, and the working range of the
second stage payload is from 6mm to 10mm. From Fig. 3ewe could
also conclude that, under payload of 3 N, the first stage vibration
isolation (displacement from 1 mm to 5 mm) is only supported by
the tilting/curved beam components that distributed on the side of
the meta-atom. When a payload of 7 N is applied, the metamaterial
will deform in the range of 6 mm to 10 mm, and both the tilting/
curved beam components in the middle and side will be activated,
which supply a higher payload capacity.

3.2. Static and dynamic experiments

By using multi-material 3D printing technology, we fabricated
metamaterials with both single and multi-payload vibration
isolation performance. To ensure the stability of the sample and
facilitate the dynamic experiment process, the single payload unit
cell is fabricated with a larger thickness, while keeping other pa-
rameters the same, which result in a working payload of 9 N. To
ensure the stability of the sample during dynamic experiment, we
fabricate a 3-unit cells metamaterial, as presented by Fig. 4a, which
has a theoretical working payload of 27 N.

For the multi-payload metamaterial, we fabricated 2 types of
samples, a metamaterial with array of 4 units, and an orthogonal
sample with two pieces of units with higher thickness. The 4-unit
array sample has a theoretical two-stage working payload of 12 N
and 28 N, while the orthogonal sample has a theoretical two-stage
working payload of 30 N and 70 N. The photographs of the samples
are presented in Fig. 4aeb. Displacement-controlled loading tests
are conducted on the 3D printed metamaterial samples, as shown
in Fig. 4c. The force-displacement curves demonstrate the quasi-
zero stiffness of the mechanical metamaterials with both single
and multi-payload designs. The discrepancies from the measure-
ment result and our design target are mainly attributed to the
viscous effect of TPU material, the 3D printing fabrication error
(warping of the attaching surface with the platform, anisotropy
4

along different printing directions, etc.) and also the measurement
inaccuracy. In our simulation, to save calculation time, we didn't
consider the viscous effect of the TPU material. In our future work,
we will add this effect in our simulation to improve the calculation
accuracy.

According to the static measurement result, we determined the
actual working payload for both the single and multi-payload
mechanical metamaterials, which guided us to perform the dy-
namic experiments. Vibration tests are carried out in low-
frequency ranges (1e50 Hz) to verify the vibration isolation per-
formance. The transmission loss in dB is adopted to evaluate vi-
bration isolation performance under different payloads. The
transmission loss is defined as 20lg(aouput/ainput), where ainput is the
amplitude of acceleration at the top of the metamaterial isolator
and aoutput is the amplitude of acceleration produced by the shaker.
The measurement results are presented in Fig. 5. From the dynamic
performance of the single payload metamaterial under three
different payloads (Fig. 5a) we could find that, it could provide vi-
bration isolation starting from 8 Hz. Fig. 5b presents the time
domain result of the single payloadmetamaterials under payload of
2950 g. From the result we could see that the metamaterials show
great mechanical vibration isolation performance under a fre-
quency sweep input. During the dynamic test, continuous vibration
excitation was applied to the bottom of the sample via the shaker,
and a quick frequency sweep from 1 Hz to 50 Hz was performed.
The signal data was then stored and filtered to remove noise using
the computer. The discrepancies of the load value between the
static and dynamic loads aremainly resulted from the viscous effect
of the TPU material. In our future work, we will try to adopt ma-
terials with simultaneously high toughness and lower viscous ef-
fect to improve the consistency between dynamic load and static
load.

For the multi-payload metamaterial composed by 4-unit cells,
we could find that its first stage performance (Fig. 5b) shows vi-
bration isolation performance starting from about 10.5 Hz for its
first level payload, and an isolation frequency starting from 12.5 Hz



Fig. 4. 3D printed metamaterial samples and measurement setup. (a) Photograph of the 3D printed single payload metamaterial sample. (b) Photograph of the 3D printed multi-
payload mechanical metamaterial samples. (c) Static experiment setup. Forceedisplacement curve of metamaterials with (d) single payload performance and (e) multi-payload
performance. (f) Dynamic experiment setup.

Fig. 5. Dynamic test of mechanical metamaterials with single and multi-payload vibration isolation performance. (a) Transmission loss of the single stage mechanical metamaterial
under a payload of 2950 g. (b) The output and input acceleration amplitude for single stage mechanical metamaterial with payload of 2950 g. (c) The transmission loss of the 4-unit
multi-payload mechanical metamaterial under its first stage working payload. (d) Transmission loss of the 4-unit multi-payload mechanical metamaterial under its second stage
working payload. (e) Transmission loss of the orthogonal multi-payload mechanical metamaterial under its first stage working payload. (f) Transmission loss of the orthogonal
multi-payload mechanical metamaterial under its second stage working payload.
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for its second working payload as shown by Fig. 5c and 5d. We also
measured the dynamic performance for the orthogonal sample,
which presents a first level vibration isolation frequency starting
from 11 Hz and a second level vibration isolation frequency starting
from 9 Hz. More detailed dynamic experiment results when the
metamaterials are tested under different payloads are presented
from Figs. S1eS5 in the Supporting Information. The discrepancy
of working payload for stable and dynamic experiment is probably
5

derived from the viscoelasticity performance of the TPU material
[37].

By comparing the dynamic performance of the single payload
metamaterial andmutli-payloadmetamaterials, we could conclude
that the vibration isolation performance under low-frequency
range of the single payload metamaterial superiors the multi-
payload sample, this is mainly derived from two factors.

Firstly, by comparing Figs. 2d and 3d, we can see that the single
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payload metamaterial shows better quasi-zero stiffness perfor-
mance than the multi-payload metamaterial. Because of the
calculation cost, we only carried out an iteration process of 60
generation for the multi-payload metamaterial to balance the
design accuracy and the efficiency, which gave us a local optimal
solution. We can see a slight negative stiffness trend for the multi-
payload metamaterial from Fig. 3d. In our future study, we will
improve our design structure and simplify the parameters, to carry
out more iteration generations with better quasi-zero stiffness
performance.

Secondly, for the single payloadmetamaterial, the triangle array
is relatively more stable. While for the multi-payload meta-
materials, both the 4-unit sample and the orthogonal sample pre-
sent instability during the measurement. The insect component for
the second level payload might contact the top surface during vi-
bration, which brings some interference during testament.
4. Conclusions

The proposed machine learning-based method to design me-
chanical metamaterials in this paper offer a convenient and easy-
operating route to achieve mechanical vibration isolation with
arbitrarily targeting single or multi-payload. By combining GAwith
FEA, various mechanical metamaterials could be achieved with
high efficiency. Multi-material 3D printing method also broadened
the designing space of the metamaterial and could ensure an in-
tegrated fabrication of the samples. The performance of the met-
amaterials is validated through static and dynamic tests,
demonstrating their capability to effectively isolate mechanical
vibrations with adaptable payloads in relatively low frequency
band with a wide displacement working range. With these char-
acteristics and advantages, the mechanical metamaterials show
great potential in protecting human beings and precision in-
struments under complicated working environments. Future
research can explore the use of other high-performance 3D printing
materials to further enhance the robustness of the metamaterial.
Our proposed metamaterial represents a great candidate for me-
chanical metamaterials with excellent mechanical shielding in the
fields of aerospace engineering, civil engineering, automobile en-
gineering and so on.
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