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ABSTRACT: Vibration isolation is vital in engineering machinery, as it not only seriously affects the service life
of machine components but also reduces the operating efficiency. Recently, metamaterials have been proposed for
customized vibration-isolation needs through various functional designs. As a synthetic material, polymer materials
have the advantages of good elasticity, low density, high specific strength, good corrosion resistance and easy processing,
making it an ideal raw material for vibration-isolation metamaterials. At the same time, the rapid development of
additive manufacturing (AM) provides a feasible method for preparing polymeric vibration-isolation metamaterials
with complex structures. In this paper, we systematically analyze the vibration-isolation mechanism of metamaterials,
review the applications of metamaterials in vibration isolation and the research on polymer metamaterials, and
survey the AM process methods for polymer metamaterials. Finally, the prospects and directions for the development
of polymer vibration-isolation metamaterials are envisioned, providing new ideas for further research on polymer
metamaterials in the field of vibration isolation.
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1 Introduction
Since the advent of mechanical structures, vibrations have been a common issue in mechanical systems,

often causing accelerated wear, reduced efficiency, and increased operational costs [1]. From aerospace to
manufacturing, the demand for effective vibration isolation has grown increasingly urgent, especially as
mechanical systems become more complex and performance demands rise. Traditional vibration-isolation
methods (e.g., passive damping materials) often fail to provide sufficient efficiency or adaptability to respond
to changing operational conditions [2]. This limitation has driven the search for more advanced solutions.

Metamaterials, meticulously designed with properties uncommon in natural materials, represent a new
class of artificial composite engineering materials [3]. By programming and arranging internal microstruc-
tures, these materials exhibit unique properties and physical effects not found in natural materials allowing
them to manipulate waves, including mechanical, sound, or electromagnetic waves [4]. This adaptability
enables customized vibration-isolation systems fine-tuned to specific frequencies and conditions [5,6].
Additionally, metamaterials, often referred to as multifunctional materials, can be tailored to exhibit unique
electromagnetic, optical [7], acoustic, thermal [8], and mechanical properties [9], enabling diverse industrial
applications. For example, structural topology optimization has been used to create metamaterials with
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a negative Poisson’s ratio [10–12], demonstrating excellent performance in indentation resistance [13–15],
lightweight design, impact resistance, energy absorption, and vibration damping [16]. These characteristics
position metamaterials as a cutting-edge solution to modern vibration challenges.

Among various types of metamaterials, polymer-based metamaterials stand out due to their inherent
advantages, including low density, high elasticity, and ease of processing [17,18]. These properties make
polymers ideal candidates for developing vibration-isolation metamaterials, especially in applications where
lightweight and cost-effective solutions are critical [19]. Moreover, the versatility of polymers enables a wide
range of functional designs, facilitating the creation of efficient vibration-isolation structures [20].

The rapid advancements in AM have further enhanced the potential of polymer-based metama-
terials [21]. By precisely fabricating complex and customized structures, AM facilitates the creation of
polymer-based metamaterials optimized for vibration isolation [22]. This technology offers unprecedented
design flexibility, enabling the production of geometries and features that are difficult or impossible to
achieve using traditional manufacturing methods. In addition to polymers, the development of AM polymer
laminated composites [23] has also provided great convenience for fields such as vibration isolation,
sensing [24], and biomedicine [25].

This paper provides a comprehensive review of recent advances in polymer-based metamaterials for
vibration isolation. It first discusses the types of metamaterials and their vibration-isolation mechanisms,
followed by a review of the current research on polymer-based metamaterials. It then summarizes AM
techniques suitable for complex polymer structures. Subsequently, it evaluates the latest advancements in
polymers for each AM technique. Finally, this review offers specific insights into the prospects and future
directions of applying polymer-based metamaterials in vibration isolation.

This review analyzed peer-reviewed articles from 1998 to 2024, sourced from Scopus, Web of Science,
Google Scholar, and PubMed. Using keywords like “polymer metamaterials,” “vibration isolation,” and “AM,”
an initial screening of 1451 papers narrowed the selection to 160 relevant studies. Only AM-fabricated poly-
mer metamaterials with vibration testing data were included, while theoretical or non-polymer studies were
excluded. Data extraction covered materials, AM methods, structural designs, and damping performance
for a comprehensive analysis.

2 Vibration-Isolation Principles of Metamaterial
Metamaterials manipulate wave propagation through three primary mechanisms: phononic crystals,

local resonance, and energy dissipation. Each mechanism is analyzed below.

2.1 Vibration-Isolation Mechanism of Metamaterials
The vibration attenuation capability of metamaterials stems from their precise control over wave behav-

ior, primarily through mechanisms of local resonance, phononic crystals, and energy dissipation [26,27].
These principles enable effective manipulation of the propagation path, frequency range, and phase state of
elastic or acoustic waves, thereby suppressing or isolating vibrations. In practical applications, these mech-
anisms typically rely on unique microstructural designs and optimized material properties, demonstrating
exceptional vibration-isolation performance [28,29]. Fig. 1 shows three vibration-isolation mechanisms:
the phononic crystal effect from periodic structures, resonant units for local resonance, and two energy
dissipation mechanisms. The fundamental principles and characteristics of these three mechanisms are
discussed below.
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Figure 1: Schematic diagrams of three vibration isolation mechanisms. (a) Periodically arranged phononic crystals, (b)
Resonance unit consisting of mass-spring, (c) Viscoelastic energy dissipation and interfacial friction dissipation

Figure 2: (Continued)



310 J Polym Mater. 2025;42(2)

Figure 2: Vibration-isolation mechanisms and several typical applications (a) Representation of phononic crystals, [30]
(Copyright 2020, with permission from Elsevier), (b) Dispersion curves [30] (Copyright 2020, with permission
from Elsevier), (c) examples of phononic crystal efficiency at different wavelength scales [30] (Copyright 2020, with
permission from Elsevier), (d) Schematic of local resonance, (e) Band gap induced by a hand-shaped resonator [31]
(Copyright 2024, with permission from Elsevier), (f) Energy dissipation system for vibration isolation based on friction
and damping [32] (Copyright 2021, with permission from Elsevier), (g) Nonlinear vibration isolation system based on
spring damping [33] (Copyright 2024, with permission from Elsevier)

2.1.1 Phononic Crystals
The vibration attenuation mechanism of phononic crystals is based on their periodic structures and

Bragg scattering. When elastic or acoustic waves encounter the periodic heterostructures of a phononic
crystal [34], the interference between scattered waves and incident waves generates bandgaps within specific
frequency ranges, where wave propagation is prohibited (as shown in Fig. 2a,b) [30]. The essence of the Bragg
scattering mechanism lies in the destructive phase interference that occurs when the wavelength matches
the periodicity of the crystal structure, thereby blocking wave propagation [28].

The position and width of the bandgap are determined by the geometric dimensions of the periodic
structure, the material properties, and the arrangement of the scatterers within the crystal. By adjusting
these parameters, the bandgap can be designed to cover the desired frequency range [35], enabling effective
vibration isolation and suppression. Fig. 2c demonstrates the application of phononic crystal bandgap at
different wavelength scales [30]. Additionally, since Bragg scattering depends on the ratio of the structure’s
periodicity to the wavelength, phononic crystals are more suited for high-frequency vibration attenuation
compared to local resonance. This characteristic makes phononic crystals widely applicable in high-
frequency vibration isolation, acoustic filtering, and wave energy control, providing a robust theoretical
and practical foundation for the design of vibration-isolation metamaterials. While phononic crystals excel
in high-frequency attenuation, their limitations in low-frequency applications necessitate complementary
mechanisms, as discussed in the following subsection on local resonance.

2.1.2 Local Resonance
Local resonance attenuates vibrations through interactions between embedded resonant units and

elastic waves [36]. As shown in Fig. 2d, when external elastic waves excite these resonant units, they undergo
strong localized resonance within specific frequency ranges, coupling with the propagating waves [13]. This
coupling effect significantly dissipates or confines wave energy [37], forming a local resonance bandgap that
prevents wave propagation within the targeted frequency range (Fig. 2e) [38]. The vibration of the resonant
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units induces destructive interference with the elastic waves through reverse coupling, disrupting wave
phases and substantially reducing their energy [39,40].

The frequency position and width of the local resonance bandgap are primarily governed by the mass,
stiffness, and damping properties of the resonant units [41,42]. Unlike the Bragg scattering mechanism,
which relies on the wavelength matching the structural periodicity, local resonance can create bandgaps
even when the wavelength is much larger than the unit structure’s scale [43,44]. This allows local resonance
to exhibit superior wave attenuation capabilities in the low-frequency range [45]. Fig. 2e demonstrates
the bandgap performance of a hand-type resonator in the low-frequency range [31]. By optimizing the
properties of the resonant units, the bandgap can be finely tuned to meet specific vibration-isolation require-
ments [43,44]. This characteristic renders local resonance highly valuable for applications in low-frequency
vibration isolation and noise control.

2.1.3 Energy Dissipation
To provide a cohesive understanding of energy dissipation mechanisms in metamaterials, it is essential

to examine how internal material properties and interface interactions contribute to vibrational energy
attenuation. Viscoelastic dissipation focuses on the intrinsic molecular behavior of materials under dynamic
loading, while interfacial friction dissipation emphasizes energy loss caused by relative motion at material
boundaries [46]. Together, these mechanisms offer complementary pathways for energy dissipation [47],
playing a crucial role in enhancing the vibration-isolation performance of metamaterials.

The mechanism of viscoelastic dissipation relies on the molecular motion characteristics of the mate-
rial [48]. Under external forces, viscoelastic materials exhibit both elastic and viscous behaviors, and this
principle can apply to vibration and noise control [49]. The spring damping model shown in Fig. 2f,g [32,33],
the elastic component corresponds to the reversible deformation of molecular chains, which stores energy,
while the viscous component corresponds to the relative sliding or internal friction of molecular chains,
leading to energy dissipation in the form of heat [50]. When the frequency of vibration loading increases,
the molecular chains in the viscoelastic material fail to fully follow the external force variation, resulting
in hysteresis. This phase lag between stress and strain directly causes energy loss [51]. Moreover, the
time-dependent nature of viscoelastic properties enables these materials to absorb and attenuate dynamic
vibrational energy effectively [51].

The mechanism of interfacial friction dissipation arises from relative movement at the material
interfaces (Fig. 2f) [32]. As vibrations propagate through layered or composite metamaterials, microscopic
sliding or separation occurs at the interfaces between different materials, generating frictional forces [52].
The work done by these frictional forces dissipates mechanical energy as heat. Additionally, interfacial
friction dissipation is often accompanied by wave scattering effects. Discontinuities at the interfaces alter the
propagation path and energy distribution of the waves, further reducing their transmission strength [53].
The efficiency of this dissipation mechanism depends on the interfacial contact conditions, such as surface
roughness [54], interface stiffness, and friction coefficients [55]. These parameters interact to influence the
overall attenuation of vibrational energy.

3 Synergistic Design of Polymer Metamaterials for Vibration Isolation
Polymer-based metamaterials have emerged as a promising solution for vibration isolation due to

their unique combination of viscoelastic damping [56–58], lightweight design [59], and compatibility
with additive manufacturing (AM). However, their performance hinges on a synergistic interplay between
material properties, structural geometry, and AM process capabilities.
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3.1 Material-Structure-Performance Relationships in AM-Fabricated Metamaterials
The interplay between AM processes and material properties introduces critical trade-offs. For instance,

FDM achieves multi-material integration (Fig. 3c), combining rigid PLA frameworks with TPU damping
layers for hybrid honeycombs [60]. Material jetting’s (MJ’s) reliance on photopolymers limits thermal
stability, as seen in tricycle suspension systems where viscoelastic absorbers degraded above 80○C [61].
Similarly, selective laser sintering (SLS) of PA12 lattices achieves high structural integrity (15–20 MPa
compressive strength) but suffers from 15%–20% damping loss due to residual porosity, underscoring the
need for post-processing or hybrid designs.

These examples illustrate how AM processes dictate not only manufacturability but also functional
performance. VP’s ultra-high resolution enables PDMS phononic crystals (Fig. 3d) with 200 μm periodicity
for high-frequency isolation (2.5–5 kHz) [30], while FDM’s scalability facilitates meter-scale TPU structures
for low-frequency applications, albeit with anisotropic damping (20% reduction along the Z-axis) [62]. By
aligning material selection, structural design, and AM capabilities, this synergy unlocks unprecedented
opportunities for customized vibration control, while highlighting the necessity of process-aware co-design
to mitigate inherent limitations.

3.2 Polymer Material Design for Vibration Isolation
The selection and design of polymer materials for metamaterial-based vibration isolation require a

critical balance between intrinsic material properties, additive manufacturing (AM) compatibility, and
application-specific constraints. Table 1 summarizes the trade-offs among common polymers and conven-
tional materials, highlighting polymers’ superior damping efficiency (tan δ > 0.1) and AM adaptability
compared to metals and ceramics. For instance, PDMS achieves a loss factor of 0.5–0.7, enabling 70%
higher energy dissipation than stainless steel [32], but its limited resolution in vat photopolymerization (VP)
restricts Bragg bandgap design to frequencies above 2 kHz, as shown in Li et al.’s study of VP-printed PDMS
phononic crystals [30]. In contrast, TPU’s compatibility with fused deposition modeling (FDM) allows
scalable fabrication of lattice structures, though anisotropic interlayer voids reduce Z-axis damping by 20%
compared to isotropic bulk material [59].

Table 1 : Trade-offs between common polymers and traditional materials

Material Density
(g/cm3)

Loss factor
(tan δ)

Thermal
stability (○C)

AM process
(Resolution)

Key trade-offs

PDMS 0.97–1.1 0.5–0.7 150–200 VP (≥200 μm) High damping but
limited to high-frequency

bandgaps
TPU 1.1–1.3 0.2–0.4 80–120 FDM (100–300 μm) Optimal

printability-damping
balance; thermal limits

304 Steel 7.9 0.001–0.01 >1000 LPBF (50–100 μm) High stiffness but
negligible damping;

residual stress-induced
distortion

(Continued)
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Table 1 (continued)

Material Density
(g/cm3)

Loss factor
(tan δ)

Thermal
stability (○C)

AM process
(Resolution)

Key trade-offs

Al2O3
Ceramic

3.9 0.005–0.02 1200–1600 SLA/BJ/PBF
(100–200 μm)

Brittle fracture limits
energy dissipation;
limited to simple

geometries

The glass transition temperature (Tg) critically governs polymer performance boundaries. TPU’s low
Tg (−50○C) ensures effective rubbery-state damping at room temperature (tan δ ≈ 0.3), but its damping
efficiency declines sharply above 80○C due to excessive chain mobility—a limitation absent in high-Tg
polymers like PEEK (Tg ≈ 143○C). Syam et al. [63] demonstrated this trade-off in SLS-printed PA12-PEEK
hybrid lattices, which retained 80% compressive strength at 200○C but exhibited minimal damping (tan δ <
0.1), confining their use to high-stability, low-damping environments.

Figure 3: (Continued)
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Figure 3: Applications of polymer vibration-isolation metamaterials (a) hierarchical honeycomb structure for wave
attenuation [59] (Copyright 2016, with permission from Elsevier), (b) band gaps of negative Poisson’s ratio acoustic
metamaterials [13] (Copyright 2022, with permission from Elsevier), (c) PLA-TPU composite polymer metamate-
rials [60] (Copyright 2022, with permission from Elsevier), (d) band gap characteristics of lattice structures [15]
(Copyright 2017, with permission from American Chemical Society), (e) efficient sound energy dissipation mech-
anism [57] (Copyright 2024, with permission from John Wiley and Sons), (f) seismic metamaterial barrier and
isolation mechanism [64] (Copyright 2024, with permission from John Wiley and Sons), (g) band gap manipulation
technology [30] (Copyright 2020, with permission from Elsevier)

3.3 Metamaterial Structural Design for Targeted Bandgaps
The vibration-isolation performance of polymer metamaterials is governed by three dominant struc-

tural archetypes—2D/3D lattices, auxetic architectures, and foam-like graded designs—each exploiting
distinct wave manipulation mechanisms through AM-enabled geometric control.

2D/3D lattices utilize periodic arrangements to induce Bragg scattering bandgaps. For example, the
bandgap size can be controlled by adjusting the hierarchical structure of a 2D honeycomb lattice. As shown
in Fig. 3a, the number of bandgaps increases from one to three as the hierarchy progresses from the first
to the fourth level [59]. Specifically, the maximum bandgap ranges for the three hierarchical structures are
0.047–0.079, 0.108–0.133, and 0.064–0.078, respectively.

Auxetic structures leverage negative Poisson’s ratio to widen the bandgap through strain-dependent
stiffness modulation. Fig. 3b illustrates a negative Poisson’s ratio structure derived from a 2D phononic
metamaterial. Compared to the pre-optimized structure, the new auxetic 2D structure exhibits a bandgap
starting frequency of 439.72 Hz (previously 474.05 Hz), with the bandgap width increasing to 17% (compared
to 10.3% before optimization) [13].

3D lattice structures provide enhanced spatial stiffness and mechanical response through a three-
dimensional interwoven network. They are particularly suitable for applications with complex wave
propagation characteristics. As shown in Fig. 3d, within different TPMS structures, the network config-
uration can be tailored for a larger phononic bandgap by reducing the thickness of the struts bridging
the unit cells. Among them, the IWP structure achieves a bandgap width of 0.41 [15]. Fig. 3e illustrates
an interwoven biphasic design, where the intricate neck-cavity configuration forms Helmholtz resonators
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(HRs), which are crucial for effective sound absorption [57]. The incident acoustic energy is completely
absorbed and dissipated as heat. In terms of vibration energy dissipation, resonators are an excellent choice.
Ding et al. explored a large-scale metamaterial vibration isolation barrier consisting of a 5 × 5 array of
resonators (Fig. 3f), which exhibited significant localized resonance attenuation in two distinct frequency
ranges, induced by first-order and second-order vertical resonances, around 30 and 80 Hz, respectively [64].
Furthermore, data-driven approaches based on deep learning can also be used to manipulate bandgaps. As
shown in Fig. 3g, Li et al. utilized image-based finite element analysis and deep learning-assisted methods
to design phononic crystal structures with desired bandgaps. These approaches provide a new paradigm for
optimizing the bandgap design and vibration reduction functionality of metamaterials [30].

4 AM of Polymeric Metamaterials
To effectively explore the application of AM in polymer-based metamaterials, it is essential to first

understand the key AM technologies utilized in their fabrication. These technologies enable the precise
construction of complex geometries, offering tailored mechanical properties that are crucial for vibration
isolation and other advanced functionalities.

4.1 AM Technology for Polymer
The examples in Section 2 illustrate that metamaterials exhibit complex porous or hollow structures on

both macro and micro scales, which are challenging to achieve using conventional subtractive manufacturing
or casting methods. AM is an advanced fabrication technique that creates complex structures by adding
material layer by layer. Compared to traditional subtractive manufacturing, AM offers significant advantages,
such as eliminating the need for complex molds, reducing material waste, and enabling the production of
intricate shapes that are difficult or impossible to achieve with conventional methods. With continuous
technological advancements, AM has been widely adopted across industries such as aerospace, automotive,
healthcare, and construction. In the field of polymer materials, AM presents unprecedented opportunities
for the rapid fabrication of complex metamaterials.

As shown in Fig. 4, polymer AM technologies encompass various molding methods, including material
jetting (MJ), vat photopolymerization (VP), powder bed fusion (PBF), material extrusion (ME), binder
jetting (BJ), and sheet lamination (SL). Each of these techniques has unique characteristics and suitability
for specific applications. Below, we provide a detailed overview of these AM techniques and discuss their
potential and advantages in fabricating polymer-based metamaterials for vibration isolation.

4.2.1 Material Jetting
MJ is a 3D printing technique that precisely jets liquid material from a nozzle and cures it layer by

layer. This method typically uses photopolymer resins or other thermosetting polymers as raw materials,
which solidify under light or heat. The primary advantages of MJ are its high resolution and surface quality,
allowing the production of intricate details and complex geometries with layer thicknesses as low as 16
μm [65]. It is particularly suitable for fabricating vibration-isolating polymer-based metamaterials requiring
high precision (as shown in Fig. 5a).
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Figure 4: Summary of polymer AM processes. (a) MJ [65] (Copyright 2018, with permission from Creative Commons
4.0), (b) VP [66] (Copyright 2021, with permission from Elsevier), (c) PBF [67] (Copyright 2021, with permission from
Elsevier), (d) ME [68], (e) BJ [69] (Copyright 2019, with permission from Elsevier), (f) SL [70] (Copyright 2012, with
permission from Elsevier)

4.2 Polymer AM Research Status and Vibration-Isolation Applications
To explore the role of additive manufacturing (AM) in vibration isolation, we now look at the key AM

techniques. Each method offers unique advantages for creating polymer-based metamaterials with tailored
properties. In order to better exhibit the characteristics of each AM technology, we have drawn tables in each
subsection (e.g., Tables 2–6).

Given its characteristics, MJ has immense potential in AM of microstructures. Compared to other
AM techniques, MJ offers significant advantages in dimensional accuracy and surface finish of polymer
structures. Compared to three-dimensional printing (3DP) and selective laser sintering (SLS), MJ-produced
3D models achieve superior surface and dimensional accuracy [71]. Salmi et al. printed skull models using
SLS, 3DP, and MJ technologies, measuring their dimensional accuracy, and found MJ had the lowest
dimensional error, averaging 0.18% [72]. Compared to FDM, MJ better addresses dimensional accuracy
issues. For instance, Lee et al. [73] compared denture models fabricated using FDM and MJ. They reported
MJ-produced models had smoother surfaces due to thinner layer thicknesses (FDM: 0.330 mm; MJ:
0.016 mm). Dizon et al. [74] compared polymer parts fabricated using stereolithography appearance (SLA),
FDM, and MJ technologies, noting that SLA and MJ had excellent surface finish, with MJ providing higher
dimensional accuracy than SLA.

MJ is well-suited for creating fine structures and complex geometries, enhancing vibration-isolation
performance. Brown-Moore used MJ to fabricate Voronoi porous models, adjusting wall thickness and
liquid content to achieve stiffness ranges from 4.1 to 80 N/mm, showcasing multifunctional, multiscale
vibration-isolation potential [75]. Lipton et al. developed a tricycle suspension system for large displacement
applications in harsh environments, reporting that viscoelastic energy absorbers fabricated using MJ signifi-
cantly reduced vibration during riding, improving comfort [61]. Mora et al. highlighted practical applications
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of MJ in rigid and soft lattice structures, noting that adjusting geometric features of different topologies using
the same material significantly improved energy absorption efficiency by approximately 30%, which is critical
for vibration isolation [76]. Vdovin et al. used Vero White material to fabricate resonant honeycomb coupling
tubes for frequency ranges of 300–600 Hz, reporting that MJ-printed parts had double the sound power
absorption capacity of standard mineral wool absorbers [77]. However, MJ technology is not environmentally
friendly due to process and material limitations (e.g., ABS, PLA, etc.), which generate polluting gases during
the printing process.

Figure 5: Research of polymer vibration-isolation metamaterials. (a) Soft mechanical metamaterials fabricated by
MJ [78] (Copyright 2019, with permission from Creative Commons 4.0), (b) Lattice metamaterials with repairable,
memory, and tunable properties fabricated by DLP [79] (Copyright 2020, with permission from Creative Commons
4.0), (c) 3D auxetic metamaterials with ultra-wide tunable band gaps fabricated by SLS [80] (Copyright 2018, with
permission from Creative Commons 4.0), (d) 3D low-frequency vibration-isolation plate of ‘frame-spring-mass’ system
fabricated by FDM [62] (Copyright 2020, with permission from Elsevier)

4.2.2 Vat Photopolymerization
VP involves curing photopolymer resins layer by layer using ultraviolet (UV) light to form 3D

objects [81]. This technique offers exceptionally high resolution, making it ideal for creating intricate and
precise structures (as shown in Fig. 5b). Its main variants include SLA, digital light processing (DLP) [82,83],
and two-photon polymerization (TPP). Due to its precise control over the curing process, VP is particularly
useful in applications requiring meticulous control of material microstructures. SLA was the first technology
introduced for polymer AM [84], and many researchers have used it to fabricate high-precision polymer
structures applicable across various industries [85–88]. In recent years, DLP and TPP have become research
hotspots due to their faster fabrication speeds and higher accuracy [89]. Compared to point-by-point fabri-
cation, DLP’s layer-by-layer scanning offers advantages in printing speed and energy efficiency, representing
the second generation of VP 3D printing technology [90]. Grigoryan et al. [91] utilized a mixture of PEGDA
and gelatin methacrylate as raw materials, employing DLP technology to fabricate functional microvascular
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structures and mitral valves. The fabricated structures demonstrated high precision and biocompatibility in
experiments. To enhance DLP’s precision and efficiency across different photopolymer materials, Li et al. [92]
developed a theoretical model to predict the Jacobs working curve, which describes the relationship between
UV energy and cured material thickness, to determine optimal printing parameters for each material.
They explained that by characterizing three physical properties—solid absorptivity, liquid absorptivity, and
gelation time—Jacobs working curve can be determined, and experimental results validated the model’s
accuracy. As one of the highest-resolution 3D printing techniques, TPP offers resolutions down to 100 nm,
enabling broad applications in micro-nano devices such as microneedle patches [93] and micro-optical
components [94].

The high resolution of VP has demonstrated significant advantages in micro-nano vibration-isolation
applications. Zega et al. [95] utilized TPP technology to fabricate vibration isolators for microelectromechan-
ical systems, designed to mitigate the effects of high-frequency oscillating components on such devices. They
reported that phononic crystals fabricated using TPP exhibited attenuation factors across multiple orders of
magnitude, effectively isolating vibrations in the frequency range of hundreds of kHz to several MHz, a result
attributed to TPP’s high-resolution printing capabilities. Doungkom et al. [96] employed DLP technology to
fabricate lattice structures with micron-scale features and investigated the vibration-isolation performance
of three designs under impact loading. They noted that compared to solid structures and face-centered cubic
with cubic perimeter (FCC + CP), the body-centered cubic with cubic perimeter (BCC + CP) configuration
exhibited the highest pulse response and average shock transfer rate, making it particularly suitable for
vibration-isolation applications under forces below 300 N. Wang et al. [97] provided a comprehensive review
of the applications of VP technology in metamaterials, highlighting its advantages in speed and resolution,
which form a solid foundation for its use in mechanical and acoustic metamaterial vibration isolation.
Additionally, VP can produce structures with microfeatures such as micropores and thin walls [98], which
are critical for tuning wave propagation characteristics and vibration-isolation performance. The ability to
create complex microstructures is essential for optimizing vibration isolation at specific frequencies.

Table 2: Literature summary on the preparation of polymer metamaterials by MJ

Reference Material
type

Application
fields

Printers/equipment Structure Main contributions

[11] PPR/PE +
MWCNTs

Impact energy
absorption

Flash Forge
Creator Pro

Plate-like
lattice

structure

A 30% increase in energy
absorption is achieved,

verifying the potential of
MJ in high-resolution
complex structures.

[73] Curable and
incurable

liquids

Multi-function
vibration
isolation

Stratasys J750 Voronoi
porous
model

By adjusting the wall
thickness and liquid

content, a stiffness range
of 4.1–80 N/mm is

achieved, demonstrating
the potential for

multi-scale vibration
isolation.

(Continued)
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Table 2 (continued)

Reference Material
type

Application
fields

Printers/equipment Structure Main contributions

[61] Acrylate
polymer

Large
displacement

vibration
isolation

Stratasys J750 Tricycle
suspension

system

Viscoelastic energy
absorber dramatically

reduces ride vibration for
improved comfort.

[78] Shape
Memory

Poly-
mers(SMP)

Adaptive
vibration
isolation

Anycubic Photon
M3 Plus

Stepped
variable
stiffness
structure

By triggering stiffness
changes with

temperature, the bandgap
frequency is dynamically
adjusted to achieve “zero

stiffness” adaptive
vibration isolation.

Table 3: Literature summary on the preparation of polymer metamaterials by VP

Reference Material type Application
fields

Printers/equipment Structure Main contributions

[95] The hybrid
organic/inorganic

negative
photoresist

SZ2080

MEMS high
frequency
vibration
isolation

Self-made equipment:
femtosecond laser
source (Toptica,

FemtoFiber pro NIR),
XY linear stages
(ANT95-50-XY,

Aerotech), linear stage
(ANT130-035-L-ZS,
Aerotech) and 40×
objective lens (Carl
Zeiss, N-Achroplan

40×WI and 0.75 NA)

Micrometer-
sized

phononic
crystal

Achieving vibration
attenuation across
multiple orders of

magnitude in the MHz
frequency range,

demonstrating the
high-resolution

advantage of VP in
micro-nano structures.

[81] Acrylate
groups for

photocuring
and disulfide

groups for
fracture
healing

Repairable
vibration
isolation

structures

DLP Lattice
structure

Demonstrating
self-healing, shape

memory, and adjustable
stiffness properties to

enhance the lifespan of
vibration isolation

structures.

[96] Light-sensitive
resin

Impact response
Testing

Vat photopolymer
printer (Wanho GR-1)

BCC/FCC
+ CP
lattice

Suitable for
low-frequency shock

isolation.
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Table 4: Literature summary on the preparation of polymer metamaterials by PBF

Reference Material type Application
fields

Printers/equipment Structure Main contributions

[58] PA12 Vibration
isolation and
load-bearing

Formiga P100 TPMS
lattice

Combining high
mechanical strength with

vibration isolation
performance, validating

the applicability of PBF in
porous structures.

[111] Nylon PA2200 Wideband
vibration
isolation

SLS 3D
phononic

crystal

Achieving a 132%
bandgap-to-mid-

frequency ratio, with a
three-layer structure

attenuating 75 dB,
demonstrating the
potential of PBF in
wideband vibration

isolation.

[63] Nylon-12 Vibration
isolation and
load-bearing

LPBF Truss
lattice

structure

Verifying a maximum
vibration isolation of 26%
for the unit lattice (with a

damping ratio of 0.5),
suitable for vibration
control in mechanical

systems.

Table 5: Literature summary on the preparation of polymer metamaterials by ME

Reference Material type Application
fields

Printers/equipment Structure Main contributions

[62] PA2200 Low-frequency
vibration
isolation

FDM Frame-
Spring-Mass

Periodic
System

A full three-dimensional
bandgap is achieved at
1265 Hz with a width of

340 Hz, suitable for
low-frequency vibration

control.
[60] TPU 95A and

PLA
Multi-function

vibration
isolation

Ultimaker 3
Extended

Honeycomb-
lattice

composite
structure

By combining rigid and
flexible designs, the
vibration-isolation

bandwidth and energy
dissipation efficiency are

improved.

(Continued)
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Table 5 (continued)

Reference Material type Application
fields

Printers/equipment Structure Main contributions

[136] ABS Vibration
isolation

uPrint SE BCC lattice
structure

Verify that the increase in
volume ratio leads to a

decrease in natural
frequency, optimizing

vibration-isolation
performance.

Table 6: Literature summary on the preparation of polymer metamaterials by BJ

Reference Material type Application
fields

Printers/equipment Structure Main contributions

[67] A novel
water-based
binder, silica

sand and
cement

Earthquake
simulation
structures

Z Corp. 310+ printer Curved
Skeleton
Structure

Exhibits strength similar
to masonry, but with

superior seismic
performance.

4.2.3 Powder Bed Fusion
PBF is a process in which polymer powders are selectively melted layer by layer using lasers or electron

beams to create solid objects [99,100]. While commonly used for metals and plastics, it is also suitable
for high-performance polymers such as polyamides (e.g., PA12, PA11), polyetherketoneketone (PEKK), and
PEEK [66]. One of the main advantages of PBF is its ability to produce parts with high mechanical strength
and thermal stability [101] while also enabling the fabrication of complex geometries [102].

Models produced by PBF technology exhibit high precision but have slightly lower density compared
to the other two methods. Improving model density is a critical challenge for LPB technology. Density is
influenced not only by printing parameters but also by the packing density of the powder bed [103–105].
Tan et al. [106] developed a discrete element model to simulate powder bed packing, helping to understand
void formation during the process. They found that increasing the powder layer thickness improves packing
density, enhances model density, and reduces surface roughness, while higher spreading speeds negatively
impact packing quality and density. Eshraghi et al. [107] achieved 99.5% density in polymer nanocomposites
by adding 3 wt% graphite nanoplatelets to polyamide-12 powder. Furthermore, PBF process parameters and
material properties significantly affect model density. Caulfield et al. [108] found that increasing laser energy
density within a certain range improves the density of polyamide parts fabricated by PBF. Higher energy
densities promote better particle fusion, resulting in stronger parts. Chatham et al. [109] suggested setting
the powder bed temperature below the crystallization onset of poly (phenylene sulfide) (255○C) to minimize
side reactions such as chain extension, branching, and cross-linking during printing. After optimization,
the fabricated parts achieved a density of 1.18 g/cm3. Dechet et al. [110] introduced a novel polybutylene
terephthalate (PBT) material with high crystallinity, narrow particle size distribution, and an average particle
size of 36 μm, produced through liquid-liquid phase separation and crystallization. This material exhibited
excellent flowability at 200○C in PBF systems, significantly improving density and precision.
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For polymer-based metamaterials in vibration isolation, PBF facilitates microstructure control,
mechanical optimization, and vibration-isolation customization (as shown in Fig. 5c). D’Alessandro
et al. [111] utilized SLS to fabricate 3D phononic crystals with ultra-wide bandgaps, achieving a 132% bandgap-
to-midgap ratio and an attenuation rate of 75 dB for three-layer crystals. Syam et al. [63] fabricated lattice
structures from Nylon-12 using SLS, achieving high vibration-isolation and load-bearing performance, with
a maximum vibration reduction of 26% per unit cell at a damping ratio of 0.5.

4.2.4 Material Extrusion
ME is among the most commonly used AM techniques, widely applied in fabricating ceramics [112–115]

and polymers [116–118]. FDM is a widely used example [119–121]. FDM is considered ideal for polymers due
to its ability to handle common melting temperatures and its relatively fast fabrication speed. Thermoplastics
such as ABS [122], PLA [123,124], PMMA [125], polyethylene (PE) [126], TPU [127] and polypropylene
(PP) [128] are most commonly used in this method. These materials are heated, extruded through a nozzle,
and deposited layer by layer to form 3D objects. The primary advantages of ME are its cost-effectiveness and
ease of use, making it ideal for large-scale production and rapid prototyping [129]. However, the mechanical
properties and precision of FDM-manufactured components have remained suboptimal. In this regard,
many researchers have explored the relationship between printing parameters, quality, and strength [120,130].
Beniak et al. [131] analyzed the significance of layer thickness and extrusion temperature on dimensional
accuracy. The results showed that extrusion temperature had a greater impact on dimensional accuracy,
with accuracy improving as the extrusion temperature decreased. Mohamed et al. [132] used the Taguchi
method to develop a regression model for six process parameters—layer thickness, build orientation,
road width, number of contours, air gap, and raster angle—to predict the nonlinear relationship between
FDM process parameters and dimensional accuracy. Chohan et al. [133] employed steam smoothing to
improve the precision of ABS material printing. They evaporated a mixture of decafluoropentane and
trans-dichloroethylene, introducing the vapor into the FDM print chamber. The results showed significant
improvement in the surface layer pattern of printed parts, with dimensional errors of 0.35%, 0.19%, and
0.41% in the neck, middle, and top of the printed hip joint components, respectively. Furthermore, printing
parameters are closely related to the mechanical properties of the components. Li et al. [134] found that
the tensile strength of components is closely related to the interface bonding state, which is determined by
thermal transitions, and used a bilinear elastic softening cohesive zone model to analyze the maximum load-
bearing capacity under different interface bonding states. Wang et al. [135] were the first to use finite element
analysis to simulate the melting conditions and flow behavior of PEEK material in the channel, developing a
constitutive equation for dynamic viscosity. They optimized process parameters experimentally to improve
density, reduce internal defects, and enhance interlayer bonding. They stated that with a heating temperature
of 440○C, a layer thickness of 0.1 mm, and a print speed of 20 mm/s, the component density reached 92%,
tensile strength 76 MPa, and surface roughness as low as 7.8 μm.

In the context of polymer-based vibration-isolation metamaterials, ME can effectively produce com-
ponents with complex geometries (as shown in Fig. 5d). Monkova et al. [136] used FDM technology to
fabricate BCC lattice structures from ABS material to study the impact of volume ratio on vibration-
isolation characteristics. They found that the inherent frequency of ABS components decreases as the volume
ratio increases. Yao et al. [62] proposed a novel metamaterial vibration-isolation plate with a periodic
“frame-spring-mass” system, fabricated using FDM-formed polyamide components. This structure achieves
a complete 3D bandgap around 1265 Hz, with a width of 340 Hz. This structure shows potential for
low-frequency vibration isolation and stress wave mitigation.
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4.2.5 Binder Jetting
BJ is an AM technique that uses a binder to bond powder layers together to form solid objects. Unlike

other AM methods, BJ does not require heat to melt materials, making it a faster and more cost-effective
process. BJ can produce complex parts without the need for supports, making it suitable for creating hollow
structures. However, parts produced using BJ have lower strength, are prone to deformation or fracture,
and suffer from poor forming quality and density due to uneven powder distribution. The bonding between
the binder and the base powder significantly affects the forming quality. Colton et al. [137] studied the
effective saturation of printed lines under different droplet printing parameters. The results showed that
increasing droplet speed and droplet distance both decrease the effective saturation of the binder in different
powders. Research on pure polymers using BJ is limited, whereas studies on polymer composites have been
more extensive. For example, Inzana et al. [138] fabricated a calcium phosphate and collagen composite
scaffold for bone regeneration. Commonly used polymers in BJ, such as PLA, polycaprolactone (PCL),
and collagen [139], have advanced the field of biomedical applications and demonstrated the advantages of
polymer composites.

There are not a lot of vibration-isolation applications for BJ., with most studies focusing on
cement [67](Fig. 6a), metal [140] (Fig. 6b), sand mold [141] ceramic powders, and polymer binders. For
example, Del Giudice et al. [142] used polymer furfuryl alcohol resin as a binder and GS19 quartz sand as
powder to fabricate small structures for seismic response simulation. They reported that the small brick-like
structures fabricated with BJ exhibited strength similar to masonry but with better seismic performance.
Gaytan et al. [143] suggested that BaTiO3 fabricated via BJ could serve as part of a vibration control system
with a coupled damper. BJ, as an AM technique capable of producing large parts, can be used for rapid
production of large-scale vibration-isolation structures, with potential for further processing to improve
mechanical properties. With a wide range of material choices and fast production speed, BJ has significant
potential for future development in polymer-based vibration-isolation structures.

The application of SL in pure polymer fields is limited, and there are almost no reports in the field of
polymer-based vibration-isolation metamaterials; thus, it will not be further discussed in this paper.

4.2.6 Summary
Current research on AM technologies for polymer-based metamaterials in vibration isolation reveals

significant differences in performance and limitations across various techniques. As shown in Table 7, we
summarize a table to visualize the characteristics of the polymer additive manufacturing process. MJ achieves
exceptional precision, with resolutions up to 16 μm and excellent surface quality, making it particularly
suited for the fabrication of intricate microstructures. However, its reliance on photopolymer resins with
low thermal stability (<100○C) and the associated volatile organic compound (VOC) emissions limit its
application in high-stability environments. VP, employing DLP and TPP, offers distinct advantages at the
micro and nano scales, but is constrained by its dependence on specialized resins and relatively high
costs. PBF enables the production of parts with high mechanical strength; however, the insufficient density
(<95%) of fine lattice structures leads to a reduction in vibration isolation efficiency by approximately 15%,
necessitating optimization of powder bed and laser parameters. ME, such as FDM, is cost-effective and widely
accessible, but requires process optimization (e.g., layer thickness control and temperature adjustment) to
improve interlayer bonding strength. BJ presents potential for rapid prototyping, but issues related to part
strength and density limit its application in vibration isolation. Overall, AM technologies provide a new
paradigm for performance optimization of metamaterials through customized structural designs. Future
efforts should focus on hybrid manufacturing strategies (e.g., combining MJ and PBF) to balance resolution,
material diversity, and scalability, while also developing environmentally friendly resins.
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Figure 6: Applications of BJ and SL. (a) Spraying of water-based cement-compatible liquid adhesives onto dry cement
mixed with fine round-grained silica powder using BJ [67] (Copyright 2019, with permission from Elsevier), (b) 4D
printing of Ni-Mn-Ga magnetic shape memory alloy [140] (Copyright 2018, with permission from Elsevier)

Table 7: Comparison of core performance of all AM technologies

Process Resolution Advantages Limitations Typical
applications

Reference

Material
jetting

16–28 μm High precision
and

multi-material
compatibility

Limited
material

selection and
VOC emissions

- High-precision
vibration isolation

structures (e.g.,
Voronoi porous

models,
honeycomb

resonant tubes)
- Biomedical

models (e.g., skull,
dental models)

[11,61,73,75,76]

(Continued)
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Table 7 (continued)

Process Resolution Advantages Limitations Typical
applications

Reference

Vat
photopoly-
merization

50
nm–100 μm

Micro-nano
structures and

ultra-high
resolution

Complex post-
processing,

limited material
choices and

lower
mechanical

strength

- Micro
electromechanical
system (MEMS)

vibration isolators
(e.g., phononic

crystals via TPP)
- Biocompatible
structures (e.g.,
microvascular

networks, heart
valves)

[81,95–98]

Powder bed
fusion

20–100 μm High
mechanical

strength and
complex

geometric
shapes

Lower part
density, higher

surface
roughness and

high equipment
costs

- Wide-bandgap
phononic crystals

(via SLS)
- High

load-bearing and
vibration-isolation

structures (e.g.,
Nylon-12 lattice

structures)

[58,63,109–112]

Material
extrusion

100–300 μm Low cost and
easy to operate,

suitable for
large-scale

production and
wide material

selection

Lower precision
and mechanical

properties,
weak interlayer

bonding

- Low-frequency
vibration-isolating

metamaterials
(e.g., periodic

“frame-spring-
mass” systems)
- Functionally

graded structures
(e.g., BCC lattices)

[60,62,136]

Binder
jetting

100–200 μm No support
structures

required, fast
production of

large parts

Low part
strength, poor

forming quality

- Seismic
simulation
structures

(sand-polymer
composites)
- Functional

composites (e.g.,
BaTiO3 for

vibration control
systems)

[67,140,144]

(Continued)
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Table 7 (continued)

Process Resolution Advantages Limitations Typical
applications

Reference

Sheet
lamination

50–200 μm High interlayer
bonding
strength,

suitable for
continuous

fiber-reinforced
composites

Complex
process and

limited
applications

- High-strength
structural parts
(e.g., CF/PEEK

composites)
- Aerospace
lightweight

components (no
reported vibration

isolation
applications)

[135,145]

The influence of AM on metamaterials goes beyond merely the fabrication process; it also plays
a crucial role in shaping their vibration-isolation performance. The choice of AM technology impacts
key material characteristics, such as surface finish, internal porosity, and density, which, in turn, affect
mechanical behavior and vibration isolation efficiency. High-precision processes like MJ and VP can produce
metamaterials with smooth surfaces and detailed features, leading to more consistent material properties and
better vibration isolation. Conversely, techniques like PBF, which enable the fabrication of self-supporting
structures, allow for the creation of materials with unique porosity and complex geometries that enhance
damping and facilitate vibration isolation over a broader frequency range. Additionally, AM’s ability to
customize lattice architectures and complex geometries allows for the fine-tuning of mechanical resonances,
improving vibration attenuation. However, process-induced defects, such as residual stresses or voids, may
compromise the material’s mechanical integrity and energy dissipation, affecting the overall performance of
vibration-isolation metamaterials. These factors underline the critical role of AM in both the fabrication and
functional optimization of metamaterials for vibration isolation.

4.3 Critical Review
While AM-fabricated polymer metamaterials have demonstrated significant potential in vibration

isolation, critical gaps and challenges remain that warrant attention. Most studies focus on conventional ther-
moplastics (e.g., TPU, PLA) due to their compatibility with FDM and SLS, but high-temperature polymers
(e.g., PEEK, PEKK) are underutilized in AM processes like PBF, limiting applications in extreme conditions
such as aerospace and automotive industries. Additionally, multi-material integration, particularly hybrid
polymer-ceramic or polymer-metal metamaterials, is rarely explored, missing opportunities for broadband
attenuation. Over 80% of experiments validate isolation performance under simplified sinusoidal vibrations
in lab settings, neglecting real-world stochastic or transient excitations such as seismic shocks or machinery
impacts. Furthermore, long-term durability studies addressing fatigue behavior or environmental aging (e.g.,
humidity, UV exposure) are scarce, raising concerns about reliability in industrial applications. Scalability
is another issue, as AM techniques like VP and MJ achieve high resolution but are limited to small build
volumes (<30 cm3), leaving large-scale applications (e.g., civil engineering) largely unexplored. Economic
feasibility is also a barrier, as SLS and MJ processes require expensive equipment and materials, with
cost-benefit analyses comparing AM to traditional manufacturing absent in most studies. From a design
perspective, there is an overreliance on topology optimization, while bio-inspired or data-driven approaches
(e.g., generative AI) are rarely integrated, limiting innovation in unit cell architectures. Moreover, the lack
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of standardized metrics for evaluating vibration-isolation efficiency complicates comparative analysis across
studies. To address these gaps, future research should prioritize multi-material AM to combine stiff polymers
with viscoelastic matrices, develop in-situ monitoring systems to detect defects during printing, and establish
standardized testing protocols for dynamic loading scenarios. New researchers should avoid over-optimizing
single-frequency bandgaps without considering trade-offs in mechanical strength or manufacturability and
should steer clear of purely theoretical designs untested under realistic conditions, as experimental validation
is critical for industrial relevance.

5 Future Outlook
In this section, we survey the frontier research of recent years and look ahead to the future of vibration-

isolation metamaterials in the context of traditional ideas

5.1 Frontier Research
Vibration isolation is a widespread issue across fields ranging from aerospace to everyday machin-

ery, with traditional methods often inadequate for adapting to complex and dynamic environments.
Metamaterial-based vibration isolation, particularly polymer metamaterials, offers a novel solution by
manipulating wave propagation characteristics through structural design rather than relying on mate-
rial properties [57]. Among these, variable frequency band metamaterials have emerged as a key
innovation [146], enabling adaptability to a range of vibration frequencies through tunable structural
configurations [144]. Additionally, biomimetic metamaterials draw inspiration from nature’s efficient
designs [147,148], mimicking biological structures to achieve advanced vibration-isolation capabilities.
Similarly, ancient architectural structures, known for their ingenious energy dissipation and load distribution
mechanisms, inspire a new class of metamaterials that integrate traditional wisdom with modern technol-
ogy [149]. Together, these advancements represent a promising future for vibration-isolation metamaterials,
driving innovation through adaptive, functional, and bio-inspired designs.

5.1.1 Variable Frequency Band Metamaterials
The concept of variable frequency band metamaterial structures refers to artificially designed structures

capable of exhibiting specific properties across different frequency ranges by adjusting their geometric
parameters, material properties, or external loading conditions. These structures can dynamically regulate
wave propagation characteristics based on practical application needs, demonstrating flexible vibration-
isolation and energy-absorption capabilities [144]. By incorporating adjustable elements, such as variable
stiffness elastic structures, tunable masses, or smart materials, metamaterials can achieve bandgap shifting,
width control, or multi-frequency responses across low to high-frequency ranges. This enhances their
effectiveness in isolating vibrations and noise at various frequencies, offering broad application prospects in
adaptive vibration control, reconfigurable acoustic devices, and intelligent mechanical systems.

Zeng et al. [150] recently proposed a stepped mechanical metamaterial capable of achieving “zero
stiffness” (as shown in Fig. 7a). These materials are constructed using a three-layer strategy of unit cells,
modules, and 3D objects. These metamaterials offer excellent vibration-isolation performance, opening new
possibilities for customizing force-displacement curves and providing opportunities to integrate multimodal
vibration-isolation functions into precision equipment. Additionally, Guo et al. [151] provided a detailed
discussion on the ability of gradient metamaterials to manipulate wavefronts and illustrated that by altering
structural parameters, the acoustic response of unit cells (phase or amplitude) can be controlled. All these
works show that it is feasible to utilize variable frequency band metamaterials in vibration isolation and lay
a theoretical foundation for future application.
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5.1.2 Bionic Structured Metamaterials
The concept of bionic structure vibration-isolation metamaterials is inspired by natural biological

structures to design artificial materials with exceptional vibration-isolation capabilities. By emulating the
hierarchical, lightweight, and energy-dissipative characteristics observed in systems such as bones, plant
stems, and animal shells, these metamaterials exhibit superior mechanical performance [152,153]. Integrating
bionic design principles with advanced material engineering allows for the creation of structures with
tailored vibration-isolation properties, including efficient energy absorption and adaptive responses.

As shown in Fig. 7b, Zhou et al. [154], drawing inspiration from the safe landing mechanism of cats
falling from heights, proposed a bioinspired polygonal skeleton structure (Fig. 7b) to explore its potential
applications in vibration isolation. Their study revealed that by adjusting the distance between the bioinspired
legs and the extensibility of the spine, the structure can transition from nonlinear positive stiffness to negative
stiffness, effectively suppressing vibrations under various excitations.

Figure 7: (Continued)
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Figure 7a: Prospect and direction of polymer vibration-isolation metamaterial applications. (a) Variable band stepped
metamaterials [150] (Copyright 2024, with permission from John Wiley and Sons), (b) Variable stiffness metama-
terials inspired by bionic structures [154] (Copyright 2024, with permission from Elsevier), (c) Mortise and tenon
vibration-isolation inspired by ancient architectural structures [155] (Copyright 2024, with permission from Creative
Commons 4.0)
5.1.3 Antique Architectural Metamaterials

Inspired by the ingenious structural designs of ancient architecture, vibration-isolation metamaterials
integrate traditional building techniques with modern material science. Historical structures, such as timber
frameworks and interlocking joints, exhibit remarkable resilience to vibrations, particularly seismic forces,
due to their structural flexibility and energy-dissipation mechanisms [145,149]. By applying these design
principles to contemporary metamaterials, innovative solutions can be developed that utilize geometry,
material properties, and structural configurations. These biomimetic metamaterials mimic the load distribu-
tion and damping characteristics of ancient architecture, delivering superior vibration-isolation performance
for applications in civil engineering, cultural heritage preservation, and modern infrastructure.

As shown in Fig. 7c, Zhao et al. [155] introduced Dougong (a set of brackets), providing a new
perspective that emphasizes the long history of traditional Chinese mortise-and-tenon structures in vibration
isolation. By joining and fixing wooden blocks of different structures, an environmentally friendly and
reliable vibration-isolation structure can be achieved, providing new ideas for polymer metamaterials.

5.2 Future Trends
As research on metamaterials deepens, how to break through traditional design frameworks to achieve

multifunctionality and dynamic adaptability has become an important challenge. This paper proposes an
innovative design concept based on cultural metaphors, integrating the dynamic cloning idea of Japan’s
“Shadow Clone” ninjutsu with the philosophical wisdom of China’s Daoist “combine Hardness and Softness,”
providing a new perspective for the development and application of future metamaterials (Fig. 8).

The “Shadow Clone” in Japanese ninjutsu achieves multi-task collaboration through cloning, inspiring
researchers to design metamaterials with dynamic reconfigurable characteristics. Such materials can achieve
multimodal responses through embedded intelligent units (such as shape memory polymers, piezoelectric
materials, or electromagnetic drive structures) (Fig. 8a). For example, in the ship shaft system, metamaterials
can adjust the local resonance frequency in real-time according to changes in propeller speed, forming
multiple dynamic “clones” to suppress vibrations across different frequency bands. Specifically, when the
shaft system encounters low-frequency vibrations, the units trigger local resonance bandgaps through
stiffness adjustments. In aerospace applications, periodically arranged phononic crystal structures block
the transmission of high-frequency vibrations through Bragg scattering. This multimodal collaborative
mechanism is similar to the decentralized control strategy of “Shadow Clone,” significantly broadening
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the effective vibration-isolation bandwidth and adapting to dynamic load requirements under complex
working conditions.

Figure 8: Vibration isolation inspired by Japanese Ninjutsu and Chinese Taoism: (a) “Shadow Clone” multiple
metamaterial, (b) “ Hardness and Softness” complex phase metamaterial

The Daoist concept of “Combination of Hardness and Softness” emphasizes the balance between rigidity
and flexibility, which can be mapped to the multi-scale composite design of metamaterials. As shown
in Fig. 8b, by combining a high-rigidity framework (such as carbon fiber reinforced polymers) with a high-
damping flexible phase (such as soft rubber), gradient or interwoven structures can be formed to achieve
synergistic optimization of load-bearing and vibration isolation. In the fields of shipping or aerospace,
the rigid skeleton can bear mechanical loads, while the internal flexible damping layer absorbs vibrational
energy through viscoelastic dissipation and interfacial friction mechanisms, simultaneously meeting the dual
requirements of lightweight design and high load capacity.

6 Conclusion
This review systematically analyzes current research on polymer metamaterials for vibration isolation

from three key aspects. First, it discusses the vibration-isolation mechanisms of metamaterials, emphasizing
three primary mechanisms: phononic crystals, local resonance, and energy dissipation. Second, it highlights
application examples of vibration-isolation metamaterials in the polymer field, revealing the potential of
mainstream polymers and their material advantages in developing efficient vibration-isolation structures.
Finally, it comprehensively reviews advancements in AM techniques and their applications in fabricating
complex polymer metamaterials, including MJ, VP, and PBF. These technological advancements not only
enhance the manufacturing precision and design flexibility of polymer metamaterials but also lay a solid
foundation for their broad application in vibration isolation. Additionally, based on existing studies,
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this review outlines future development directions for polymer metamaterials, suggesting that variable
frequency bands, bio-inspired structures, and ancient architectural designs could offer valuable inspiration
for exploring their applications in vibration isolation, and combines traditional ideas with the development
of metamaterials.
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