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Quasi-zero-stiffness (QZS) metamaterials have attracted significant interest for application in low-
frequency vibration isolation. However, previous work has been limited by the design mechanism of
QZS metamaterials, as it is still difficult to achieve a simplified structure suitable for practical engineering
applications. Here, we introduce a class of programmable QZS metamaterials and a novel design mech-
anism that address this long-standing difficulty. The proposed QZS metamaterials are formed by an array
of representative unit cells (RUCs) with the expected QZS features, where the QZS features of the RUC are
tailored by means of a structural bionic mechanism. In our experiments, we validate the QZS features
exhibited by the RUCs, the programmable QZS behavior, and the potential promising applications of these
programmable QZS metamaterials in low-frequency vibration isolation. The obtained results could
inspire a new class of programmable QZS metamaterials for low-frequency vibration isolation in current
and future mechanical and other engineering applications.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction element is connected to a positive stiffness element in parallel to
Mechanical metamaterials are artificial materials with unusual
physical properties developed through the rational design of
microstructures [1–4]. Some examples of these unusual properties
include a designable Poisson’s ratio [5], negative stiffness [6], and a
negative coefficient of thermal expansion [7]. Among such proper-
ties, the negative stiffness exhibited by mechanical metamaterials
has attracted increasing attention, particularly with the emergence
of quasi-zero-stiffness (QZS) metamaterials for low-frequency
vibration isolation.

The concept of QZS has attracted the attention of many scholars
since it was first proposed [8], and QZS isolators have been contin-
uously studied for their high static stiffness and low dynamic stiff-
ness [9]. Thus far, QZS-based vibration isolation has been applied
in various fields, such as transport engineering [10], civil engineer-
ing [11], and medicine [12], to name just a few. In such fields, QZS-
based vibration isolation is usually achieved by means of a
stiffness-combined mechanism; that is, a negative stiffness
produce zero stiffness. In this regard, a great deal of research has
been done by many scholars, which can be found in Refs. [13–
19] and the references therein. However, an extensive amount of
research has found that the current stiffness-combined mechanism
limits the widespread use of QZS-based vibration isolation. Struc-
tures using this mechanism are typically complex and insuffi-
ciently compact for precision instruments or microdevices with
very small dimensions. Furthermore, the QZS-based vibration will
be limited in such contexts due to the narrow working range and
unique payload.

To overcome these limitations, researchers have made some
valuable attempts to design new QZS metamaterials by introduc-
ing advanced theories and techniques. For example, Cai et al. [20]
and Zhang et al. [21] studied the wave attenuation properties
and programmable characteristics of QZS metamaterials using
optimization and compliant mechanisms, respectively. Jiang et al.
[22] and Deng et al. [23] introduced a bioinspired approach to
designing novel QZS metamaterials, thus investigating the proper-
ties of high static stiffness and low dynamic stiffness at large
vibration amplitudes, as well as the low-frequency characteristics
under micro-vibrations. In addition, origami (or kirigami)-based
structures have recently attracted increasing attention due to their
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specific features, which include bistable states [24], self-
deployability [25], and nonlinear force–displacement relationships
[26,27]. Despite research works on QZS metamaterials that have
been proposed in recent years, the development of a simplified
structure and design mechanism suitable for practical engineering
applications remains a challenge. Therefore, this field still has room
for new and creative innovations.

In this context, we exploit the negative stiffness of mechanical
metamaterials, using inclined beams as representative unit cells
(RUCs) [28,29] and taking advantage of a control mechanism based
on a structural bionic design method [30], we design and realize
novel mechanical metamaterials with strong programmable QZS
features in terms of overall mechanical behavior, which we name
programmable QZS metamaterials. ‘‘Programmability” is defined
here in terms of the targeted QZS characteristics of the QZS meta-
materials that can be realized by programming a combination pat-
tern of unit cells with predetermined QZS features, which is similar
to the definition of programmability used in Refs. [31–34]. Com-
pared with previous works, the innovation of the current work is
reflected in two main aspects: The design mechanism of the RUCs
with QZS features stems from a novel structural bionic mechanism,
which simplifies the structure of the RUC; and the simplified RUC
structure can be effectively combined with a manufacturing pro-
cess for traditional engineering materials, facilitating the applica-
tion of QZS metamaterials for vibration isolation in practical
engineering. To thoroughly demonstrate the above description,
the structural bionic mechanism and QZS metamaterials are
described in detail in Section 2. In Section 3, metamaterial samples
are designed and fabricated, and numerical simulations and exper-
imental tests are presented through finite-element analysis (FEA)
and experiments. The conclusion and future work are summarized
in Section 4.
Fig. 1. Schematic diagram of a structural bionic mechanism. (a) Deformations under str
spring. (b) An RUC composed of inclined beams, as studied in Refs. [28,29]. (c) An RUC
inclined angle of the bar; a: the inclined angle of the beam; F: the external load.

161
2. Design mechanism and QZS metamaterials

2.1. Structural bionic mechanism

Structural function formation is a transition from disorder to
order, and can be found in areas ranging from crystal growth
[35] and biological structures [36] to complex bionic structures
[37,38]. From these works, it can be seen that—regardless of the
research field in which the control of structural function is
applied—the bionic morphological features determine the function
of the structures, in what is called the ‘‘structural bionic mecha-
nism.” Here, we take a bar under stress as an example, as shown
in Fig. 1(a). A simple bar exists in different states, from a one-
dimensional (1D) structure to a three-dimensional (3D) structure,
as shown on the horizontal line. Remarkably, the force–displace-
ment relationship corresponding to each deformation state is dif-
ferent, as shown below the horizontal line. Following this
mechanism, we exploit the negative stiffness of mechanical
metamaterials and take the inclined beams as RUCs [28,29], as
shown in Fig. 1(b), in order to design and realize a novel RUC for
a mechanical metamaterial with QZS features, as shown in
Fig. 1(c).

To thoroughly demonstrate the description above, we start by
demonstrating the QZS features of the RUC. Since the RUC is
mirror-symmetric to the centerline, only half of the RUC (simply
referred to as a ‘‘building block”) and its key constituent element,
the folded beam, is illustrated in Fig. 2(a). The building blocks
include auxiliary structures and folded beams, where the folded
beam is rotated to form a symmetrical structure while keeping
the basic topology unchanged (Fig. 2(a), right panel). This topology
is formed by splicing five sections of beams and adjacent beams
vertically.
ess of (i) a simple bar, (ii) an inclined bar, (iii) a geometric model, and (iv) a linear
composed of folded beams, as proposed in this work. 2D: two-dimensional; h: the
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Fig. 2. Illustration of the structural bionic mechanism. (a) Geometric representation and design boundary of the RUC, where H is the initial height of the RUC; h0 is the initial
height of the folded beam, e is the thickness of the frame; l is the half span of the horizontal constraint ends; d is vertical displacement; and a1, c, and a2 are the length
parameters of the folded beam. (b) System stiffness of the RUC at c ¼ 0. (c) Variation curve of the system stiffness of the RUC with different values of c, when c–0. (d) RUC
sample fabricated using 3D printing (ultraviolet-curing technology), with photosensitive resin as the parent material, where b is the out-of-plane thickness of the folded beam
and h is the thickness of the folded beam. (e) Force–displacement relationship of the RUC under vertical compression, where d0 is the displacement corresponding to the QZS
region and F0 is the payload corresponding to the QZS region. (f) Real stress–strain relationship of 3D-printed dog-bone specimens.
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For the RUC, when a vertical displacement d occurs, the resul-
tant force f1 of the folded beams is f 1 ¼ 2k1 L1 � Lð Þsin a, where a
is the inclined angle and sina ¼ (h0 � d)/L; L1 and h0 are the initial
length and height of the folded beam, respectively; L is the com-

pressed length of the folded beam, and L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðh0 � dÞ þ l2

q
; l is the

half span of the horizontal constraint ends; and k1 is the equivalent
stiffness of the folded beam. Assuming that the folded beam
reaches the equilibrium position when it is compressed to the hor-
izontal position, and taking this as the initial position, the displace-
ment in the vertical direction is X=d−h0. We then have the force f1
of the folded beam, as follows:

f 1 ¼ �2k1X
L1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2 þ l2
p � 1

 !
ð1Þ

By differentiating X with Eq. (1), the system stiffness K of the
RUC can be obtained:

K ¼ �2k1
L1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2 þ l2
p � 1

 !
þ 2k1X

2 L1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2 þ l2

p� �3 ð2Þ

When X=0 is the static equilibrium position, then the system
stiffness K is as follows:

K ¼ �2k1
L1
l
� 1

� �
ð3Þ

Since the equivalent stiffness k1 can be regarded as a combina-
tion of the stiffness brought by the inclined beam and the length c
(Fig. 2(a)), and therefore using the energy method [39], Eq. (3) can
be expressed as follows:
K ¼ �2
EA
L1

L1
l
� 1

� �
þ 2

EI
c2 2c � a2ð Þ

L1
l
� 1

� �
ð4Þ
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where E is the Young’s modulus of the material from which the
folded beam is made; A is the cross-sectional area and A ¼ bh,
where b is the out-of-plane thickness of the folded beam and h is
the thickness of the folded beam; I is the moment of inertia of the
section, where I= bh3/12; and a2 and c are the length parameters
of the folded beam, as shown in Fig. 2(a). Details on the derivation
of Eqs. (1)–(4) are provided in Appendix A.

As shown in Fig. 2(a), if the length parameter c=0, then the
folded beam becomes an inclined beam and the RUC becomes a
unit cell composed of two inclined beams. In this case, the term
involving the length parameter c in Eq. (4) is 0; that is,
K ¼ �2 EA=L1ð ÞðL1=l� 1Þ. With 0 < l < L1, K is always negative at
the static equilibrium position, as shown in Fig. 2(b) (details are
provided in Appendix A). The system stiffness curves of the RUC
under different values of c, when c–0, are shown in Fig. 2(c). Based
on the system stiffness curves of the RUC in Figs. 2(b) and (c),
because of the existence of the length parameter c, the inclined
beam is transformed into a folded beam. Correspondingly, the neg-
ative stiffness of the inclined beam is offset by the positive stiffness
brought by the existence of the length parameter c, which is con-
sistent with the theoretical analysis given in Eq. (3). Thus, the pro-
posed structural bionic mechanism is effectively demonstrated.

Based on the description above, an RUC sample was fabricated
using 3D printing (ultraviolet-curing technology), with photosensi-
tive resin as the parent material, as shown in Fig. 2(d) (details pro-
vided in Appendix A). The force–displacement relationship of the
RUC under vertical compression was obtained, as shown in
Fig. 2(e). The material properties used in the simulation were
derived from the real stress–strain relationship of 3D-printed
dog-bone specimens, as shown in Fig. 2(f). In summary, we verified
the structural bionic mechanism and obtained an RUC with the
expected QZS features.
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2.2. Design of programmable QZS metamaterials

Having described in the previous sections the designmechanism
and how an RUC with QZS features was obtained, we introduce in
this section the programmable QZS behavior of the proposed QZS
metamaterials. Fig. 3(a) shows the QZS metamaterials composed
of RUCs through a periodic linear array. Here, the two important
parameters of the QZS metamaterials—that is, the numbers of the
unit cells in series and in parallel (m and n)—should be noted. These
two parameters confer programmable QZS behavior to the QZS
metamaterial. More specifically, the characteristic exhibited by
these two parameters (m and n) can be interpreted by the analogue
of connecting Hooke’s springs in series or parallel, respectively. The
parameter m determines the QZS displacement range d0—which
means that a force can cause the same displacement of the springs
in series, and the parameter n influences the QZS payload F0, that is,
the total load under parallel conditions is equal to the sum of all the
loads. To make it easier to study the roles ofm and n, a matrix com-
Fig. 3. Schematic diagram of the designed programmable QZS metamaterials. (a) QZS m
QZS behavior achieved by assembling RUCs in series and parallel. (c) Designed progr
corresponding stair-stepping force–displacement relationships. (d) Vibration isolation pr
Here, M is the mass of the object needs to be isolated from vibration, g is the gravitatio
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posed of displacements and loads is used to characterize the QZS

features and is denoted as m
n

� �
. For example, when two unit cells

are connected in series, the matrix ‘‘ 2
1

� �
” is obtained (Fig. 3(b-i));

when two groups of unit cells, corresponding to the matrix 2
1

� �
,

are connected in parallel, the matrix ‘‘ 2
2

� �
” is obtained (Fig.

3(b-ii)); and, when three unit cells are connected in parallel, the

matrix ‘‘ 1
3

� �
” is obtained (Fig. 3(b-iii)). Therefore, the proposed

QZS metamaterials are obtained by using multiple RUCs in series
or parallel, as illustrated in Fig. 3(c-i). Accordingly, a more complex

matrix m1 m2 m3

n1 n2 n3
� � �

� �
can be obtained, which corresponds to

force–displacement relationships that contain multiple payloads,
as illustrated in Fig. 3(c-ii). In addition, the proposed QZS
etamaterials composed of RUCs through a periodic linear array. (b) Programmable
ammable QZS metamaterials assembled from RUCs in series or parallel and the
operties of the designed programmable QZS metamaterials over nearly the full band.
nal acceleration, and mi is ith group elements which are connected in parallel.
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metamaterials still inherit and extend the advantages of the vibra-
tion isolation application of QZS structures; that is, full-band vibra-
tion isolation can be achieved as long as the mass is consistent with
the payload of the QZS metamaterial (Fig. 3(d)).

3. Results and discussion

3.1. Compression experiments

As described above, a programmable QZS metamaterial (Fig.
4(a)) can be obtained by assembling RUCs with QZS characteristics.
To validate the programmable QZS behavior, four metamaterial
samples were assembled using RUCs (Fig. 4(b)). The associated
matrix representations of the assembled metamaterials are shown
in the right panel of Fig. 4(b). Quasi-static compression tests were
performed on these metamaterial samples utilizing a universal
testing machine (AG-IC, Shimadzu, Japan). (Details on the quasi-
static compression test are provided in Appendix A.) The experi-
mentally measured force–displacement curves corresponding to
the four metamaterial samples are given in Fig. 4(c). The high-
lighted area denotes the QZS region, and the annotation of d0 is
the QZS displacement range, which is consistent with d0 on the
force–displacement relationship in Fig. 2(e). As shown in Fig.
4(c), the measured QZS features of the metamaterial samples com-
pare quite well with the expected QZS features (the matrix under
the force–displacement relationships). For example, as presented
in Fig. 4(c-i), the matrix expression of the measured QZS features

of the type I sample is 1:0d0

3:08F0

� �
, while the expected matrix expres-

sion is 1:0d0

3:0F0

� �
; obviously, the two matrices are almost identical.
Fig. 4. Programmable QZS behavior of the mechanical metamaterials. (a) Digitization
samples—type I, type II, type III, and type IV—assembled using RUCs fabricated using 3D
the four metamaterial samples: (i) type I, (ii) type II, (iii) type III, and (iv) type IV.
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In addition, as shown in Fig. 4(a), the QZS metamaterials can be
discretized into multiple series and parallel groups of RUCs with
QZS features; conversely, modular structures with different QZS
characteristics can be assembled into QZS metamaterials with pro-
grammable QZS features. This property makes up for the limita-
tions of previous QZS metamaterials in terms of their narrow
work ranges and single QZS payload. For example, the type III
metamaterial sample shown in Fig. 4 can be considered to be
formed by two type II samples in parallel; therefore, the QZS pay-
load of type III should be double that of type II. This can be effec-
tively verified by the ‘‘plateau” feature of the force–displacement
relationship, as shown in Figs. 4(c-ii) and (c-iii). Of course, other
complex mechanical metamaterials can also be obtained through
a modular design, such as the type IV metamaterial sample in
the figure. Correspondingly, force–displacement relationships that
contain multiple payloads can be obtained, as shown in Fig. 4(c-iv).
As mentioned above, full-band vibration isolation can be achieved
as long as the mass is consistent with the payload of the QZS meta-
material; therefore, the proposed programmable QZS metamateri-
als can provide excellent vibration isolation performance under
different loadings.

3.2. Experimental vibration tests

To better understand the vibration isolation performance of the
proposed programmable QZS metamaterials, experimental tests
for vibration isolation were carried out. Fig. 5(a) shows a schematic
diagram of the metamaterial sample and the test installation used
for the experiment. More specifically, one metamaterial sample,

characterized by an assembly matrix 1:0d0 1:0d0 1:0d0

4F0 6F0 8F0

� �
of the metamaterial assembly and discrete relationships. (b) Four metamaterial
printing. (c) Experimentally measured force–displacement curves corresponding to
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Fig. 5. Experimental vibration tests. (a) Schematic diagram of a metamaterial sample and its test installation. M1,M2, andM3 are the masses of the object needs to be isolated

from vibration. (b) Experimental setup and the sample used in the vibration tests, characterized by the assembly matrix 1:0d0 1:0d0 1:0d0

4F0 6F0 8F0

� �
. (c) Experimentally measured

transmittance curves under five typical support masses, with three of these masses corresponding to the QZS payloads. PC: personal computer.

W. Liu, S. Yan, Z. Meng et al. Engineering 47 (2025) 160–167
(Fig. 5(b)), was fixed to a pressure plate using hot melt adhesive,
and the pressure plate was installed on an electromechanical sha-
ker (HEV-50, CHENG TEC, China). A mass corresponding to the pay-
load of the QZS metamaterial sample was fixed to the support plate
using hot melt adhesive. Two accelerators (LC0135T and CT1010L,
CHENG TEC) were used to collect input and output signals. After-
ward, a sinusoidal wave was used as the output signal and was
applied to the pressure plate via the shaker in a random sweep
manner, using a low-frequency range (0–30 Hz). The experimental
setup is shown in Fig. 5(b). By performing experiments, we
obtained the transmittance curves under five typical support
masses using 20 lg Aout=Ainð Þ, where Aout is the acceleration at the
payload and Ain is the acceleration generated by the shaker, as
shown in Fig. 5(c).

The experimental results showed that the masses correspond-
ing to the QZS payloads could be effectively isolated in the low-
frequency range, which was consistent with the QZS ‘‘plateau”
characteristics predicted for the mechanical metamaterials. Two
masses that did not correspond to QZS metamaterial payloads
were also tested, and the measured resonance peaks in the mea-
sured frequency range further explained the vibration isolation
performance of the proposed QZS metamaterials. While there were
some differences in the results, such as the experimentally
obtained QZS payloads 4.13F0, 6.05F0, and 8.11F0, they were not
integer multiples of the payloads of the RUC (i.e., [4F0 6F0 8F0])
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marked in Fig. 5(c), where F0 = 2 N comes from Fig. 2(e). The iso-
lated support mass did not correspond exactly to the QZS payload,
owing to inevitable errors, such as thickness differences in the 3D-
printing process, deviations in the assembly process, and measure-
ment error. It should also be noted that the experimental vibration
testing of programmable mechanical metamaterials that have
undergone multiple compression experiments will result in some
differences in the results, which can be explained by the viscous
effect of the photosensitive resin itself causing a delay in restoring
the original shape after the structure is deformed. Furthermore,
maintaining the overall structural stability of the QZS metamateri-
als composed of multiple RUCs during vibration testing is key in
ensuring effective testing. In general, it is possible to achieve the
stability of the QZS metamaterials by increasing the out-of-plane
thickness of the RUCs (i.e., the parameter b in Fig. 2(d)). At the
same time, it is necessary to ensure the symmetry of the designed
QZSmetamaterial as much as possible in practical applications (see
Movies S1–S3 in Appendix A).

To further validate the advantages of the proposed design
mechanism and the application of these QZS metamaterials in
practical engineering, and to reflect the differences between the
QZS metamaterials proposed in this work and those in previous
studies, another case is provided in Appendix A. In that case,
the material used to manufacture the QZS metamaterial was
changed from a photosensitive resin to an engineering material
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(stainless steel); the fabrication process of simple RUCs from
stainless steel is provided in Appendix A. The experimental results
showed that the masses corresponding to the QZS payloads could
be effectively isolated in the low-frequency range (Fig. S3 and
Movie S4 in Appendix A). Overall, the results further verified that
the proposed QZS metamaterials can achieve full-band vibration
isolation in the low-frequency range when the mass corresponds
to the QZS load.

3.3. Effects of the design parameters

As mentioned above, during the design of the RUCs, changing
the geometric parameters will affect the QZS features they exhibit.
To further guide RUC design, the effects of the design parameters of
the RUC were comprehensively examined using the simulation
model. The stiffness in the QZS zone (i.e., the QZS displacement
range d0 in Fig. 2(e)) was used as the performance index. The anal-
ysis results are shown in Fig. 6, where parts (a)–(d) show the effect
of single-parameter variation on the stiffness, and the interactive
influence of two-parameter changes on the stiffness is shown in
parts (e) and (f).

From the results shown in Fig. 6, three conclusions can be
drawn: QZS characteristics can be realized only when the inclined
angle a and the length parameter c have a specific value range;
changes in the in-plane and out-of-plane thickness of the folded
beams will not cause a qualitative change in the QZS characteris-
tics, but the thicker the value of the in-plane and out-of-plane
thickness, the greater the QZS payload of the QZS characteristics;
and the length parameter a2 and the length parameters c and a1
have a significant interactive influence on the QZS characteristics.
For example, in Fig. 6(e), on the premise of achieving QZS charac-
teristics, the larger the value of length parameter a2, the smaller
the value of length parameter c. These conclusions can provide
Fig. 6. Effects of design parameters. (a–d) The effect of single-parameter variation on stif
out-of-plane thickness b. (e, f) The interactive influence of two-parameter changes on stif
and length parameter a1.
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theoretical guidance for the practical application of QZS metamate-
rials in engineering to a certain extent.

4. Conclusions and future works

We have designed and demonstrated new QZS metamaterials
formed by an array of RUCs that possess strong programmable
QZS features in terms of their overall mechanical behavior. The
design mechanism of the RUC originates from a structural bionic
mechanism, rather than the stiffness-combined mechanism men-
tioned in the literature, simplifying the structure of the RUC. The
RUC of the proposed metamaterials includes two folded beams;
these RUCs with a simple topology and reasonable design parame-
ters can be effectively combined using manufacturing processes for
traditional engineering materials, facilitating the vibration isola-
tion application of QZS metamaterial in practical engineering.

We designed and fabricated metamaterial samples and vali-
dated them through FEA and quasi-static compression tests. Fur-
thermore, experimental tests were carried out in two cases to
show that the proposed programmable QZS metamaterials have
excellent vibration isolation effects in the low-frequency range.
Given the metamaterials’ characteristics and merits, we believe
that the proposed structural bionic mechanism could inspire a
new class of programmable QZS metamaterials for low-frequency
vibration isolation in current and future mechanical and other
engineering applications. As one example of many possible direc-
tions, based on the research mechanism of 1D programmable
QZS metamaterials, future studies can overcome the 1D limitation
and explore the vibration isolation of two-dimensional (2D) exter-
nal excitations, or even the design and realization of 3D multi-
degree-of-freedom and multi-stage QZS vibration isolation sys-
tems. In addition, compared with the QZS metamaterials proposed
in this work, which are limited by the application of small defor-
fness for (a) inclined angle a, (b) length parameter c, (c) in-plane thickness h, and (d)
fness for (e) length parameter a2 and length parameter c and (f) length parameter a2
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mation, QZS metamaterials with the characteristics of large
deformation are worthy of further study. In addition, future explo-
ration of integrated smart materials that combine QZS metamate-
rials with active control is recommended, with four-dimensional
(4D) printing being expected to advance this development.
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgments

This work was supported by the National Natural Science
Foundation of China (52332006), the National Key Research and
Development Program of China (2022YFB380600 and
2023YFB3811401), the China Postdoctoral Science Foundation
(2022M721850), and Southwest United Graduate School Research
Program (202302AO370008).

We thank Quan Zhang (National University of Ireland, Galway)
for his valuable discussion of the manuscript and his suggestions
for the preparation of figures in this manuscript.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.eng.2023.11.027.
References

[1] Zhu S, Zhang X. Metamaterials: artificial materials beyond nature. Natl Sci Rev
2018;5(2):131.

[2] Park JJ, Lee KJB, Wright OB, Jung MK, Lee SH. Giant acoustic concentration by
extraordinary transmission in zero-mass metamaterials. Phys Rev Lett
2013;110(24):244302.

[3] Ge H, Yang M, Ma C, Lu MH, Chen YF, Fang N, et al. Breaking the barriers:
advances in acoustic functional materials. Natl Sci Rev 2018;5(2):159–82.

[4] Fang N, Xi D, Xu J, Ambati M, Srituravanich W, Sun C, et al. Ultrasonic
metamaterials with negative modulus. Nat Mater 2006;5(6):452–6.

[5] Hamzehei R, Zolfagharian A, Dariushi S, Bodaghi M. 3D-printed bio-inspired
zero Poisson’s ratio graded metamaterials with high energy absorption
performance. Smart Mater Struct 2022;31(3):035001.

[6] Chen S, Tan X, Hu J, Wang B, Wang L, Zou Y, et al. Continuous carbon fiber
reinforced composite negative stiffness mechanical metamaterial for
recoverable energy absorption. Compos Struct 2022;288:115411.

[7] Miller W, Smith CW, Mackenzie DS, Evans KE. Negative thermal expansion: a
review. J Mater Sci 2009;44(20):5441–51.

[8] Alabuzhev P, Gritchin A, Kim L, Migirenko G, Chon V, Stepanov P. Vibration
protecting and measuring systems with quasi-zero stiffness. Boca Raton: CRC
Press; 1989.

[9] Ibrahim RA. Recent advances in nonlinear passive vibration isolators. J Sound
Vibrat 2008;314(3–5):371–452.

[10] Le TD, Ahn KK. Experimental investigation of a vibration isolation system using
negative stiffness structure. Int J Mech Sci 2013;70:99–112.

[11] Ding H, Ji J, Chen LQ. Nonlinear vibration isolation for fluid-conveying pipes
using quasi-zero stiffness characteristics. Mech Syst Signal Process
2019;121:675–88.
167
[12] Wang Q, Zhou J, Xu D, Ouyang H. Design and experimental investigation of
ultra-low frequency vibration isolation during neonatal transport. Mech Syst
Signal Process 2020;139:106633.

[13] Fan H, Yang L, Tian Y, Wang Z. Design of metastructures with quasi-zero
dynamic stiffness for vibration isolation. Compos Struct 2020;243:112244.

[14] Carrella A, Brennan MJ, Kovacic I, Waters TP. On the force transmissibility of a
vibration isolator with quasi-zero-stiffness. J Sound Vibrat 2009;322(4–
5):707–17.

[15] Kim J, Jeon Y, Um S, Park U, Kim KS, Kim S. A novel passive quasi-zero stiffness
isolator for ultra-precision measurement systems. Int J Precis Eng Manuf
2019;20(9):1573–80.

[16] Kovacic I, Brennan MJ, Waters TP. A study of a nonlinear vibration isolator with
a quasi-zero stiffness characteristic. J Sound Vibrat 2008;315(3):700–11.

[17] Zeng R, Wen G, Zhou J, Zhao G. Limb-inspired bionic quasi-zero stiffness
vibration isolator. Acta Mech Sin 2021;37(7):1152–67.

[18] Wang L, Zhao Y, Sang T, Zhou H, Wang P, Zhao C. Ultra-low frequency vibration
control of urban rail transit: the general quasi-zero-stiffness vibration isolator.
Veh Syst Dyn 2022;60(5):1788–805.

[19] Suman S, Balaji PS, Selvakumar K, Kumaraswamidhas LA. Nonlinear vibration
control device for a vehicle suspension using negative stiffness mechanism. J
Vib Eng Technol 2021;9(5):957–66.

[20] Cai C, Zhou J, Wang K, Pan H, Tan D, Xu D, et al. Flexural wave attenuation by
metamaterial beam with compliant quasi-zero-stiffness resonators. Mech Syst
Signal Process 2022;174:109119.

[21] Zhang Q, Guo D, Hu G. Tailored mechanical metamaterials with programmable
quasi-zero-stiffness features for full-band vibration isolation. Adv Funct Mater
2021;31(33):2101428.

[22] Jiang G, Jing X, Guo Y. A novel bio-inspired multi-joint anti-vibration structure
and its nonlinear HSLDS properties. Mech Syst Signal Process 2020;138:106552.

[23] Deng T, Wen G, Ding H, Lu ZQ, Chen LQ. A bio-inspired isolator based on
characteristics of quasi-zero stiffness and bird multi-layer neck. Mech Syst
Signal Process 2020;145:106967.

[24] Meng Z, Chen W, Mei T, Lai Y, Li Y, Chen CQ. Bistability-based foldable origami
mechanical logic gates. Extreme Mech Lett 2021;43:101180.

[25] Meng Z, Liu M, Yan H, Genin GM, Chen CQ. Deployable mechanical
metamaterials with multistep programmable transformation. Sci Adv 2022;8
(23):eabn5460.

[26] Dalaq AS, Daqaq MF. Experimentally-validated computational modeling and
characterization of the quasi-static behavior of functional 3D-printed origami-
inspired springs. Mater Des 2022;216:110541.

[27] Han H, Sorokin V, Tang L, Cao D. Lightweight origami isolators with deployable
mechanism and quasi-zero-stiffness property. Aerosp Sci Technol
2022;121:107319.

[28] Shan S, Kang SH, Raney JR, Wang P, Fang L, Candido F, et al. Multistable
architected materials for trapping elastic strain energy. Adv Mater 2015;27
(29):4296–301.

[29] Jeon SY, Shen B, Traugutt NA, Zhu Z, Fang L, Yakacki CM, et al. Synergistic
energy absorption mechanisms of architected liquid crystal elastomers. Adv
Mater 2022;34(14):2200272.

[30] Shi Y, Zhang TH. Control of self-organization: from equilibrium to non-
equilibrium. Acta Phys Sin 2020;69(14):140503. Chinese.

[31] Florijn B, Coulais C, van Hecke M. Programmable mechanical metamaterials.
Phys Rev Lett 2014;113(17):175503.

[32] Tang Y, Lin G, Yang S, Yi YK, Kamien RD, Yin J. Programmable kiri-kirigami
metamaterials. Adv Mater 2017;29(10):1604262.

[33] Yu X, Zhou J, Liang H, Jiang Z, Wu L. Mechanical metamaterials associated with
stiffness, rigidity and compressibility: a brief review. Prog Mater Sci
2018;94:114–73.

[34] An N, Domel AG, Zhou J, Rafsanjani A, Bertoldi K. Programmable hierarchical
kirigami. Adv Funct Mater 2020;30(6):1906711.

[35] Wegst UGK, Bai H, Saiz E, Tomsia AP, Ritchie RO. Bioinspired structural
materials. Nat Mater 2015;14(1):23–36.

[36] Teyssier J, Saenko SV, van der Marel D, Milinkovitch MC. Photonic crystals
cause active colour change in chameleons. Nat Commun 2015;6(1):6368.

[37] Zhang J, Hess PW, Kyprianidis A, Becker P, Lee A, Smith J, et al. Observation of a
discrete time crystal. Nature 2017;543(7644):217–20.

[38] Seeboth A, Lötzsch D, Ruhmann R, Muehling O. Thermochromic polymers—
function by design. Chem Rev 2014;114(5):3037–68.

[39] Kamesh D, Pandiyan R, Ghosal A. Modeling, design and analysis of low
frequency platform for attenuating micro-vibration in spacecraft. J Sound
Vibrat 2010;329(17):3431–50.

https://doi.org/10.1016/j.eng.2023.11.027
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0005
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0005
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0010
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0010
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0010
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0015
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0015
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0020
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0020
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0025
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0025
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0025
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0030
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0030
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0030
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0035
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0035
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0040
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0040
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0040
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0045
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0045
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0050
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0050
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0055
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0055
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0055
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0060
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0060
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0060
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0065
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0065
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0070
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0070
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0070
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0075
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0075
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0075
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0080
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0080
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0085
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0085
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0090
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0090
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0090
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0095
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0095
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0095
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0100
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0100
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0100
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0105
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0105
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0105
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0110
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0110
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0115
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0115
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0115
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0120
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0120
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0125
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0125
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0125
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0130
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0130
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0130
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0135
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0135
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0135
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0140
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0140
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0140
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0145
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0145
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0145
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0150
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0150
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0155
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0155
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0160
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0160
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0165
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0165
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0165
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0170
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0170
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0175
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0175
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0180
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0180
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0185
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0185
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0190
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0190
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0195
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0195
http://refhub.elsevier.com/S2095-8099(24)00582-4/h0195

	Programmable Quasi-Zero-Stiffness Metamaterials
	1 Introduction
	2 Design mechanism and QZS metamaterials
	2.1 Structural bionic mechanism
	2.2 Design of programmable QZS metamaterials

	3 Results and discussion
	3.1 Compression experiments
	3.2 Experimental vibration tests
	3.3 Effects of the design parameters

	4 Conclusions and future works
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


