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Abstract. The article presents the history of the development of metamaterials, which begins with 
the development of metamaterials to obtain unique electromagnetic properties. The first ideas of 
such materials appeared in the XIX century. Such constructions make it possible to obtain a 
negative permittivity, and further the “invisibility effect”. The idea of creating a material with a 
given microstructure also makes it possible to obtain metamaterials with a negative Poisson’s 
ratio, acoustic metamaterials. Separately, it should be noted that such an approach makes it 
possible to obtain metamaterials with negative rigidity and vibration-isolating metamaterials. The 
article presents the author's design of a vibration-isolating metamaterial with quasi-zero stiffness. 
A demonstration prototype was made. 
Keywords: metamaterials, electromagnetic metamaterials, negative Poisson's ratio, acoustic 
metamaterials, vibration- isolating metamaterials, metamaterial with quasi-zero stiffness. 

1. Introduction 

Metamaterial is a structure with a special internal structure that gives it unique properties that 
are not found in nature. For example, materials with a negative Poisson's ratio do not exist in 
nature, but thanks to metamaterials this becomes technically possible [1]. In general, 
metamaterials make it possible to obtain unique properties in various fields, and at the moment 
they are being actively developed in acoustics, optics, electromagnetism, and a number of other 
areas. Sometimes metamaterials are also referred to as “smart materials”. The area of application 
of metamaterials is constantly expanding, approaches are being developed to create the structure 
of metamaterials, materials with desired properties are being synthesized, and new promising 
areas of their application are opening up. 

Modern advances in the field of additive technologies open up great opportunities in the field 
of creating metamaterials. In particular, this approach can be used to create special elastic 
structures in elastic structures, in other words, to manufacture new means of protection against 
vibration and shock. Synthesizing various internal structures of elastic metamaterials, it is possible 
to give them different power characteristics, including nonlinear ones. 

Due to 3D additive technology and the use of the concept of metamaterials with quasi-zero 
stiffness, it is possible to create shock protection and vibration isolation systems that can be very 
thin and compact in their geometric parameters. One layer of such a material can be several 
millimeters thick, and the ability to create metamaterials with different layers allows you to create 
layered structures with a set of special properties (such as “sandwich”). 

https://crossmark.crossref.org/dialog/?doi=10.21595/lger.2023.23395&domain=pdf&date_stamp=2023-06-25
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2. The beginning of the development of metamaterials. Metamaterials for obtaining unique 
electromagnetic properties 

The history of metamaterials dates back to the end of the 19th century. The first area of their 
use was the control of electromagnetic waves, but their active research began only after the Second 
World War. And further, great prospects for using the optimal range for waves were confirmed. 

At the end of the 19th century, scientific works on the control of electromagnetic waves were 
presented. Thus, a toolkit was proposed in the face of a dielectric lens, a pyramidal electromagnetic 
horn, a resonator emitter, a microwave absorber, waveguides of various shapes (circle, square and 
rectangle). In 1887, J. C. Bose developed the concept of microwave optics [1], [2]. 

The first attempt to investigate “artificial materials”, now metamaterials, can be traced back to 
1898, when in 1898 D. C. Bose conducted the first microwave experiment on twisted geometries, 
which, in fact, were artificial chiral elements in modern terminology [1]. He also investigated the 
double refraction of waves in crystals. It is worth noting that in the future, these works formed the 
basis of a new scientific direction, called “stereochemistry”, when in 1915 Pasteur L. more deeply 
investigated chiral molecules. 

In 1904, a number of publications in the field of wave research were published, where the 
possibility of obtaining a negative phase velocity accompanied by an antiparallel group velocity 
was discussed, in particular, by G. Lamb and A. Shustrom [3]. In 1905 H. K. Pocklington 
continued to investigate the effects associated with the negative group velocity of electromagnetic 
waves [4]. 

In 1914, Lindman worked on “artificial” chiral media by embedding many randomly oriented 
small wire helices into a carrier medium [5]. In 1920-1922 Lindman K. F. studied the propagation 
of microwaves in wire spirals at the macrolevel [6]. 

After a significant break, in 1945 L. Mandelstam carried out research in the field of the 
antiparallel phase and the group propagation of electromagnetic waves. 

In 1948, V. E. Kok [7] fabricated light microwave lenses by periodically placing conducting 
elements in the form of a sphere, disks, and stripes. This made it possible to change the effective 
refractive index and stimulated the study of artificial materials with a complex structure. 

In the years that followed, various scientists experimented with different sizes, shapes, and 
compositions of the inclusions. Various combinations allow you to create a huge variety of 
different versions of metamaterials with different properties. 

Much attention in the study of metamaterials was given to obtaining a negative permittivity. 
In 1959, VE Pafomov discovered the effect of negative permittivity in the study of crystals and 
excitons [8]. The results obtained were subsequently confirmed by the research group of 
V. M. Agranovich and V.L. Ginzburg in 1959 [9]. 

In 1967 V.G. Veselago theoretically studied the propagation of a plane wave in a material 
whose permittivity and permittivity were assumed to be simultaneously negative [10]. His 
theoretical study showed that for a monochromatic homogeneous plane wave in such a medium, 
the direction of the Poynting vector is opposite to the direction of the phase velocity, in contrast 
to the case of plane wave propagation in ordinary simple media. 

 
Fig. 1. The structure of the first experimental left (“left handed material") of a material with antiparallel 

behavior of the wave vector and other electromagnetic fields 
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V. G. Veselago also predicted a number of electromagnetic phenomena that are the opposite 
of traditional ones, in particular introduced the concept of a material with a negative refractive 
index (Fig. 1). Also, this outstanding scientist is credited with the invention of the term “left 
material” (“left handed material”). In 1968, an article by V. G. Veselago on materials with a 
negative refractive index was presented in English [10]. 

It is noteworthy that V. G. Veselago back in the 1960s. Based on a medium with a negative 
refractive index, he predicted the ability of light to flow around objects, that is, the ability to hide 
objects from the field of view, in other words, to create an “invisibility cap”. 

It should be noted that during the activities of V. G. Veselago did not yet have the ability to 
create such materials, and it was only in the 1990s that technologies became available to artificially 
create the necessary structures. 

In continuation of the scientific works of V.G. Veselago in 2000 by D. R. Smith and S. Schultz 
designed a composite and demonstrated the presence of anomalous refraction in this medium [11], 
[12]. Several names and terminologies have been proposed for metamaterials with negative 
permittivity, such as “left media” [11-16]; media with a negative refractive index [10-13], [15]; 
“backward wave media” (BW media); “doubly negative” metamaterials. Many research groups 
around the world are currently studying various aspects of this class of metamaterials, and several 
ideas and suggestions have been put forward for future applications of these materials. 

 
Fig. 2. Scheme of the operation of media with a negative refractive  

index – this is how a glass would look if water had a negative refractive index 

Below is one example of a metamaterial with special optical properties – a light bender. In it, 
light propagates over the surface of the optical chip and enters the metamaterial layer on the left. 
Due to a certain change in thickness, the light either deflects to the right or can propagate directly 
to the output of the optical chip without distortion or refraction (Fig. 3). 

 
Fig. 3. Optical metamaterial, directing the flow of light in one of two directions 

3. Metamaterials with negative Poisson’s ratio 

At the end of the 20th century, much attention began to be paid to the concept of “mechanical 
metamaterials” [17]. Mechanical metamaterials are materials for which macroscale properties are 
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determined by a small-scale topological construction [18]. Rational design of the 
microarchitecture of these materials results in unusual or unique combinations of mechanical 
properties that are rarely found in nature. Some of these exceptional mechanical properties include 
a negative Poisson's ratio or a combination of low stiffness and high strength [19], [20]. Recent 
developments seen in additive manufacturing (3D printing) have accelerated the production of 
mechanical metamaterials, facilitating precise control over their microarchitecture (Fig. 4). 

One of the first synthetic auxetics was described in 1987 in an article entitled “Foam structures 
with a Negative Poisson's Ratio” (“Porous structures with a negative Poisson’s ratio”) [21]. 

In 1990, Evans K., in relation to the latter category, suggested using the term “auxetic 
metamaterials”. Auxetic metamaterials have received much attention [22], [23], [24], including 
several special reviews [19], [25]. 

  
Fig. 4. Examples of the fundamental structure of a metamaterial with a negative Poisson’s ratio 

4. Acoustic metamaterials 

Acoustic metamaterials are aimed at obtaining unique properties in the field of changes or 
absorption of sound waves. These metamaterials originate from theoretical studies and discoveries 
made by V. G. Veselago in 1967. 

In the 1990s, D. Pendry created the basic elements of acoustic metamaterials. 
In the 2000s, a demonstration of the concept of acoustic metamaterials by means of sonic 

crystals in a liquid was presented [26]. Further, these studies were expanded, to implement the 
required properties a resonator with a split ring was used [11]. 

After that, in 2004, double negative parameters were obtained (negative modulus of elasticity 
and negative effective density) [27]. 

Then, in 2009, J. Thomas, L. Yin, and N. Fang presented the structures and results of studies 
of an ultrasonic lens made of a metamaterial for focusing sound at a frequency of 60 kHz [28]. 

The first industrial experiments on the use of acoustic metamaterials were for aircraft 
insulation in 2017 [29]. The research was carried out by a joint group of German (Scientific 
Institute Center of Applied Aeronautical Research) and Canadian scientists (Mecanum Research 
Center Inc.). 

 
Fig. 5. Soundproof metamaterial developed by Nissan 

In 2019, Nissan at CES in Las Vegas introduced a sound deadening metamaterial, which 
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effectively absorbs sound vibrations of air with a frequency of 500-1200 Hz - this is the main 
range of noise generated when a car is moving (Fig. 5). 

5. Metamaterials with negative stiffness and vibration isolation metamaterials 

Modern achievements in the field of 3D printing open up new possibilities in the creation of 
metamaterials aimed at obtaining special mechanical properties. 

Giving mechanical metamaterials the effect of negative stiffness allows them to obtain unusual 
properties that are extremely promising for vibration and shock absorption and isolation. 

In structures and metamaterials, negative stiffness is usually achieved due to extended or beam 
elements subjected to both compression and bending [30-32] of linear springs during rotation [33], 
[34] and a special arrangement of materials [35], [36]. As the displacement or strain increases, the 
resistance of the system due to the applied force decreases. Bistable elements are also used - they 
are very promising in the implementation of microstructures. 

M. Wangbo [37] in 1998 analyzed the use of pre-compressed and pinned beams and loaded at 
midpoints to obtain negative stiffness in practice. 

Studies of the bistable mechanism for hysteretic properties were studied by G. Puglisi in 2000 
and noted two different types of determining behavior: hysteretic and stable softening [38]. 

Later in 2001, Yu Qiu et al. [39], [40] presented a bistable mechanism based on pre-bent beams 
that did not use compressive residual stress for its bistability. The use of periodic structures like 
metamaterials in the field of shock and vibration isolation metamaterials was studied by A. Carrell 
[41] in the 2000s. 

The method of modal buckling superposition was used to find analytical expressions for 
various force and midpoint displacement ratios. Cazottes et al. [42] continued these studies in 
2015 and studied the mechanical design of a bistable curved beam with different force positions. 

Based on the work of Yu. Qiu, T. Klatt et al. [43] in 2013 presented a recoverable shock-proof 
cellular structure for absorbing mechanical loads, which was developed by periodically repeating 
a unit cell of negative stiffness (Fig. 6). 

 
Fig. 6. General design of shock absorbing material proposed by Klatt T. in 2013 

D. M. Correa et al. [44] fabricated honeycomb structures with negative stiffness using selective 
laser sintering in 2013 and conducted experimental studies to determine their force characteristics. 
In the designed structure, rigid central beams were added to prevent horizontal expansion when 
vertically compressed. A comparison was also made of the energy absorption capacity between 
the designed structure and the conventional honeycomb structure. These studies were continued 
by a number of researchers [45], [46], [47]. 

In 2014, experimental and numerical studies of multidirectional designs of metamaterials with 
negative stiffness were carried out. B. Florijn et al. [48] presented a model of a soft porous 
metamaterial with negative stiffness, which was tuned by compressing the material along one of 
the axes. 

Various spatial metamaterials that have negative stiffness in one direction were also introduced 
in 2015-2016: Rafsanjani et al. [49], Restrepo et al. [50], Frenzel et al. [51], and Shan et al. [52]. 
All these metamaterials have high impact-resistant properties. 

K. Che et al. in 2015 [53] used small changes in unit cell geometry to obtain a deterministic 
deformation sequence for a unidirectional metamaterial (Fig. 7). S. Findeisen et al. in 2017 [54] 
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presented a detailed analytical and numerical study of the deformation and energy dissipation of 
three-dimensional cells for a metamaterial. 

Frenzel et al. (2016) [51] presented a metamaterial with negative stiffness, consisting of three-
dimensional microlattices with instability only along the vertical axis (Fig. 8). 

Known publications about metamaterials for broadband vibration isolation at low frequency 
by Z. Wang, Q. Zhang, K. Zhang and G. Hu [55]. 

Goldsberry et al. in 2018 [56] and Nadkarny et al. [57] conducted studies to determine the 
dynamic response under various loads and studied the propagation of waves in a metamaterial. 

Thus, metamaterials represent a modern and promising way to achieve the specified unique 
properties in various industries. In particular, the use of vibration isolation metamaterials will 
allow obtaining high protective properties in the condition of small dimensions. 

 
Fig. 7. Research by Che K. metamaterial with different properties of cell layers 

 
Fig. 8. Metamaterial with three-dimensional microlattice 

6. Development of the concept of vibration-isolating and shock-proof metamaterials with 
quasi-zero stiffness 

The author proposes a fundamental design of a vibration-isolating metamaterial with an 
internal structure that provides quasi-zero stiffness during its compression (Fig. 9). 

The proposed vibration the metamaterial consists of two outer elastic layers 1 and 2 (Fig. 9), 
as well as an inner layer, which is an elastic wave-like structure 3, and the free space around is 
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filled with a softer elastic material 4. Thus, an elastic wave-like structure 3 with an elastic material 
4 is a periodic structure in the form of cells. The cell of the panel conditionally consists of the 
upper supporting wall 5, the wall 6, the lower supporting wall 7 and the elastic material 4, which 
fills the remaining free space. 

As the material of the elastic layers 1, 2 and 3 can be used a material that allows a large elastic 
deformation, such as rubber, its derivatives, polyurethanes or other polymeric materials. As a filler 
4 may be a material with a lower modulus of elasticity compared to the elastic layers 1 and 2, or 
even gases, in particular, air. 

Consider the mechanism of operation of one cell. The inclined wall 6 experiences two types 
of deformation: bending and compression in the radial direction. The bending deformation of the 
wall 6 without taking into account the compression deformation has a linear force characteristic. 
As the cell shrinks, the radial compression of the wall 6 increases. This leads to the fact that it 
tends to return to its original position, compensating for the deformation due to bending. This 
circumstance gives the power characteristic of the cell a given nonlinear power characteristic. 
With greater compression of the cell, the radial compression of the wall 6 reaches its maximum. 
The dimensions of the cell elements and the elastic properties of the upper vertical support wall 5, 
wall 6, lower vertical support wall 7, and filler 4 are selected in such a way that quasi-zero stiffness 
is provided in the working position. The load corresponding to this provision is considered 
nominal (working). 

 
a) General sketch 

 
b) Sketch of one cell 

Fig. 9. Principal design of the anti-vibration metamaterial with an internal structure providing quasi-zero 
stiffness: 1, 2 – elastic layers, 3 – inner layer; 4 – filler; 5 – upper supporting wall of one cell;  

6 – inclined wall of one cell; 7 – upper supporting wall of one cell 

The cells form an elastic wave-like structure, which, with such a combination, also has quasi-
zero rigidity, providing quasi-zero rigidity to the entire metamaterial. 

3D model of a layer of the metmaterial is constructed via Ansys program. A general view of 
one metamaterial layer is shown in the Figs. 10 and 11. 

 
Fig. 10. One layer of metamaterial in an unstressed state 

 
Fig. 11. One layer of metamaterial under workload 

If the metametarial is made of a material with Young’s modulus of 74 MPa, than according 
3D modeling the optimal load will already be 14.8 t/m2. The optimal load of half of the cell is 
0.3535 N. Based on the geometric parameters, it follows that the optimal load is 19636.4 N/m2 or 
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2.0 t/m2. The height of one layer in an unstressed state is 1.25 mm. The natural frequency of one 
layer is 0.81 Hz. With an increase in the number of layers, the frequency of natural oscillations 
will fall according to a power law of the form x0.5. That is, if there are 10 layers (the thickness of 
the metamaterial is 1.25 cm), it will be 0.25 Hz, and with 100 layers (the thickness of the 
metamaterial is 12.5 cm), it will be 0.081 Hz. Force characteristic of one cell of the metamaterial 
is presented on the Fig. 12. 

To test the possibility of manufacturing these metamaterials, demonstration samples were 
created by printing on a 3D printer PicasoDesigner (Fig. 13). For this, an elastic plastic with a 
Young’s modulus of 74 MPa was used. The thickness of the layers was 0.3 mm. Each layer was 
made this slightly different thickness, that means that each layer has different workload. 

 
Fig. 12. Force characteristic of one cell of the metamaterial 

 
Fig. 13. Demonstration samples of anti-vibration metamaterial 

Experimental studies have been carried out to determine the force characteristics for samples 
of developed vibration-proof metamaterials. 

 
Fig. 14. Demonstration samples of anti-vibration metamaterial 

An analysis of the results (Fig. 14) shows that the metamaterial does indeed have zones with 
quasi-zero stiffness. The force characteristic has different steps, so the quasi-zero stiffness is 
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presented at different loads. The load at each step is approximately 0.15 N.  
The use of metamaterials with quasi-zero stiffness will significantly improve the vibration 

isolation qualities of vibration isolation systems of industrial equipment, in particular oil pumping 
and gas pumping equipment. 

Pumps and compressors are powerful machines that perform responsible work on pumping oil 
and gas. A high level of vibration can create excessive dynamic loads on equipment, which leads 
to a decrease in their service life. Maintaining a low vibration background allows maintaining the 
durability of the equipment, which provides maintain high reliability of energy transport in 
general. 

7. Conclusions 

1) Metamaterials is a rapidly developing and promising way to achieve specified unique 
material properties in various industries. In particular, the use of the concept metamaterials will 
allow obtaining high vibration isolation properties for industrial equipment. 

2) An analysis of the development of vibration protection means has shown, despite the 
already available theoretical studies of promising highly effective methods for reducing loads on 
equipment, that their practical application lags behind to a large extent, although there are no 
technical barriers to their implementation. This is due, in part, to the inertia of the engineering and 
scientific community in adopting new technologies in practice, and efforts are needed to 
disseminate and implement them. 

3) One of the possible directions for the development of vibration protection systems are 
vibration isolation metamaterials with quasi-zero stiffness. A feature of these metamaterials is the 
absence of a direct relationship between their performance parameters and thickness. 

4) Due to the absence of a direct relationship between the properties of systems with quasi-
zero stiffness and their dimensions, one of the directions for the development of metamaterials 
with special vibration isolation properties is the use of structures in their cells that provide quasi-
zero stiffness. 

5) The structure of metamaterials is proposed, which provides quasi-zero stiffness. 
Demonstration samples of anti-vibration metamaterial are presented. 3D model of a layer of the 
metamaterial is created. Analysis of the model via Ansys shows that it has a force characteristic 
with quasi-zero stiffness. It can be very useful for vibration isolation of various types of industrial 
equipment such as pump, compressors, electric drives, etc. 
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