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Tailored Mechanical Metamaterials with Programmable 
Quasi-Zero-Stiffness Features for Full-Band Vibration 
Isolation

Quan Zhang, Dengke Guo, and Gengkai Hu*

Quasi-zero-stiffness (QZS) isolators of high-static-low-dynamic stiffness 
play an important role in ultra-low frequency vibration mitigation. While the 
current designs of QZS mainly exploit the combination of negative-stiffness 
corrector and positive-stiffness element, and only have a single QZS working 
range, here a class of tailored mechanical metamaterials with programmable 
QZS features is proposed. These programmed structures contain curved 
beams with geometries that are specifically designed to enable the prescribed 
QZS characteristics. When these metamaterials are compressed, the curved 
beams reach the prescribed QZS working range in sequence, thus enabling 
tailored stair-stepping force-displacement curves with multiple QZS working 
ranges. Compression tests demonstrate that a vast design space is achieved 
to program the QZS features of the metamaterials. Further vibration tests 
confirm the ultra-low frequency vibration isolation capability of the proposed 
mechanical metamaterials. The mechanism of QZS stems solely from the 
structural geometry of the curved beams and is therefore materials-inde-
pendent. This design strategy opens a new avenue for innovating compact 
and scalable QZS isolators with multiple working ranges.
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stiffness of an isolator ultra-small (even 
to zero) because it will collapse under 
the own load of the object to be isolated. 
Therefore, ultra-low frequency isolation 
performance could not be possible to 
be achieved by using traditional passive 
linear and/or nonlinear vibration isolators.

To overcome this limitation, custom-
ized nonlinear springs have been used 
to obtain a high static stiffness and 
hence a sufficient loading capacity, and 
a low dynamic stiffness which results 
in a low natural frequency. The so-called 
quasi-zero-stiffness (QZS)[2,3] isolators 
of high-static-low-dynamic stiffness are 
found to have nearly zero overall dynamic 
stiffness without sacrificing the loading 
capacity, showing promising application 
prospects in ultra-low frequency vibra-
tion isolation.[4] Mechanically speaking, 
a plateau will be observed on the force–
displacement curve of the QZS isolator, 
indicating that the force is nearly constant 

within a small displacement range, that is, the tangent stiffness 
is zero. When the isolator is loaded with a suitable sized mass, 
exactly making the isolator compressed to arrive at the plateau, 
the dynamic stiffness of the isolator becomes zero. Here, the 
force corresponding to the plateau is named as QZS payload. 
Currently, the vast majority of QZS isolators are generally 
achieved by connecting a negative stiffness element (usually 
realized through oblique springs,[5,6] buckled beams,[7,8] magnet 
rings,[9] etc.) with a positive stiffness element in parallel, which 
makes the isolator complicated, and not compact enough to 
implement applications in small scale. Moreover, QZS isolators 
based on these mechanisms generally have a single preferred 
working position where the positive stiffness is substantially 
neutralized by the negative stiffness. Thus, the working range 
(the displacement range of the plateau on the force–displace-
ment curve) of such QZS isolator is very narrow, and the mass 
of the object to be isolated (i.e., the QZS payload) is uniquely 
determined, to ensure that the isolator arrives at its working 
position under the action of this mass.

Aiming at solving these problems, we explore the design 
idea from compliant mechanism,[10] which realizes its function 
by harnessing deformation of flexible elastic elements. More 
recently, of particular interest in this research field is designing 
compliant metamaterials to achieve programmable features 
of shape reconfiguration,[11–14] mechanical stiffness,[15–20] 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202101428.

1. Introduction

Isolation of undesirable vibrations is required for many engi-
neering structures and precision equipment.[1] From a pas-
sive perspective, vibrations can be isolated through inserting 
an isolator between the vibration source and the system to be 
protected. Theoretically, the performance of any isolator can be 
improved by lowering its natural frequency; the softer the iso-
lator, the lower the natural frequency, and the better the per-
formance of the isolator. However, it is unrealistic to make the 
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information encryption,[21–24] energy absorbing,[25–28] wave 
guiding,[29–32] bandgap,[33–35] solitons,[36] etc., motivating pos-
sible way for novel QZS isolator. Here, we suggest and realize 
a class of tailored mechanical metamaterials containing many 
optimally designed curved beams; these beams are tailored in 
shape to achieve prescribed QZS characteristics, enabling the 
whole mechanical metamaterial to achieve programmable QZS 
features. The main innovations of this work lie in the following 
two aspects: i) The achieved QZS is originated from the tailored 
mechanical geometrical nonlinearities of monolithic compliant 
mechanism (here refers to the optimally designed curved beam) 
directly,[37–39] rather than counteracting the positive stiffness of 
an elastic element by another negative stiffness element, thus 
significantly reducing the complexity to achieve a QZS iso-
lator. ii) More importantly, by assembling the unit cell of the 
mechanical metamaterials, a basic building block that contains 

two identical tailored curved beams, programmable QZS fea-
tures including both the QZS displacement range and the QZS 
payload can be achieved. This programming strategy has not 
been reported by previous works related to achieving QZS,[37–39] 
which report only a single QZS region. To emphasize these 
aspects, proof-of-principle experiments on 3D printed architec-
tures are presented.

2. Results and Discussion

The core idea for constructing the tailored mechanical meta-
materials with programmable QZS features is illustrated in 
Figure  1. Consider a force-displacement curve with a plateau, 
which means that the reaction force remains unchanged as the 
displacement along with that direction increases in a certain 

Figure 1. Schematic diagram of the design of mechanical metamaterials with programmable QZS features. a) Assume a curved beam is compressed 
vertically at the top end while constraining the motion of both ends in the horizontal direction, its geometry is tailored to achieve a force–displacement 
relation with the prescribed QZS feature (corresponding to the plateau, which means that the reaction force remains unchanged at 0.5*F0 over the 
displacement range d0). b) To construct a basic building block, two identical curved beams are arranged symmetrically and connected by stiff horizontal 
strips. When the building block is compressed vertically at the top, the boundary condition of an individual beam is the same as that illustrated in (a). 
c) Force–displacement relation with programmable QZS characteristics can be achieved by the mechanical metamaterial assembled from the building 
block. d) When the mass of an object corresponds to the force at the plateau on the force-displacement curve of the mechanical metamaterial, it will 
be isolated from vibration nearly over the full band.

Adv. Funct. Mater. 2021, 2101428



www.afm-journal.dewww.advancedsciencenews.com

2101428 (3 of 9) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

loading range. Our priority is to find the geometry of a curved 
beam, whose loading response curve exactly matches the 
desired “plateau” characteristics (the load remains unchanged 
at 0.5*F0 over the displacement range d0, i.e., the expected QZS 
characteristics), as illustrated in Figure 1a. Further, to construct 
a practically useful building block (unit cell of mechanical met-
amaterial) out of individual curved beams, two additional con-
ditions need to be fulfilled. i) Asymmetric deformation of the 
building block must be prevented because the slip boundary 
condition is adopted for the individual curved beams (see 
Figure  1a). ii) Lateral motion of the ends of the individual 
curved beams must be constrained. In the blueprint unit cell 
shown in Figure  1b, these two aspects are accomplished; two 
identical curved beams are arranged symmetrically and con-
nected by stiff horizontal strips (a similar arrangement also see 
refs. [25, 40, 41], which aim at realizing multistable mechanical 
metamaterials for elastic energy trapping). Because the two 
curved beams are arranged in parallel in the building block, its 
QZS payload is doubled to F0.

By assembling the identical building blocks in series and 
parallel (see Figure  1b), a programmable QZS behavior can 
be achieved, as illustrated in Figure  1c. The mechanism can 
be interpreted by the analog of connecting Hooke’s springs 
in parallel and series.[26] For the case of connecting in par-
allel, the deformations on all individual elements equal to the 
external deformation, and the individual forces add up to the 
total force. For instance, by assembling three building blocks in 
parallel, we arrive at a plateau quantified by matrix “[1; 3]” (see 
Figure 1c(i)), where the first number represents the resulting 
QZS displacement range normalized by d0, and the second 
number represents the resulting QZS payload normalized by 
F0. For the case of connecting in series, the forces on all indi-
vidual elements equal to the external force, and the individual 
deformations add up to the total deformation. Correspondingly, 
three building blocks connected in series will lead to a QZS 
behavior quantified by matrix “[3; 1]” (see Figure 1c(ii)). The 
combination of these two rules generates rich QZS features, 
even a stair-stepping force–displacement curve with multiple 
plateaus, as illustrated in Figure 1c(iii,iv), which are quite dif-
ferent from previous studies[11,26] combining numbers of bi-
stable units in series. As mentioned in Section 1, the achieved 
programmable QZS can be used to isolate ultralow frequency 
vibrations without sacrificing the loading capacity. When the 
mass of the object needs to be isolated from vibration equals to 
mi*F0/g (g is the gravitational acceleration), which corresponds 
to a plateau on the force-displacement curve (Figure 1c(iv)), 
dynamic input disturbance will be isolated nearly over the full 
band (Figure 1d). Therefore, compared to traditional QZS isola-
tors with only a single QZS region, the mechanical metama-
terial maintains its excellent vibration isolation performance 
under different support masses because there are multiple pla-
teaus on the force–displacement curve.

To thoroughly demonstrate this strategy, we start with 
designing the shape of curved beam for prescribed quasi-zero 
stiffness. As shown in Figure 2a, a curved beam is deformed 
by applying a vertical displacement to the top end, while con-
straining the motion of both ends in the horizontal direction. 
The curved beam is enclosed in a rectangular design space 
of sides L and H. Its shape can be defined by a non-uniform 
rational B-spline (NURBS[42]) with six control points (P1–P6) 

(see Supporting Information for details). The positions of P1 
and P6 (coincide with the ends of the curved beam) are fixed in 
the corner of the design space, while the positions of P2–P5 are 
design variables.

The design objective is that the reaction force remains 
unchanged in a certain displacement range. For this reason, 
eight target points (see Figure  2b) are chosen to define the 
desired QZS feature. The choice of the number of target points 
is discussed in Supporting Information. Thus, the objective 
becomes minimizing the error between the actual force from 
the curved beam and the desired constant force at these eight 
points. Combining with proper constraints on design variables, 
the complete mathematical formula of this geometry optimiza-
tion can be built (see details in Supporting Information). This 
optimization is performed based on the well-known genetic 
algorithm (GA). During the optimization process, the defor-
mation of the curved beam is calculated by using the Beam 
Interface (Timoshenko formulation is adopted) in the com-
mercial software COMSOL Multiphysics. The curved beam is 
meshed to about 90 beam elements, and MUMPS is selected 
as the solver to obtain the geometric nonlinear responses. The 
simulation convergence is testified by refining the mesh and 
obtaining the corresponding results (see Supporting Informa-
tion for details). E is the Young’s modulus and ν the Poisson’s 
ratio of the constituent material. Throughout this paper, we use 
E = 1.4 GPa and ν = 0.4, corresponding to a typical photosen-
sitive resin material amenable to 3D additive manufacturing. 
The out-of-plane thickness of the curved beam is d  = 10 mm. 
Considering the manufacturing accuracy of 3D printing, the in-
plane thickness of the curved beam is chosen to be t = 1 mm. 
The other known parameters include i) side lengths of the 
design space L = 30 mm and H = 15 mm, and ii) endpoint coor-
dinates of the beam P1 = [0, 0] and P6 = [L, H]. Giving the knot 
vector and polynomial degree of the NURBS (see Supporting 
Information), the remaining design variables are i) the coordi-
nates of P2 – P5, i.e., [Pix, Piy] (i = 2, 3, 4, 5), and ii) weights of 
the NURBS basis functions, that is, wj (j = 1, 2, 3, 4, 5, 6).

Following the above optimization procedure, for the desired 
QZS feature, that is, the reaction force stays constant at 2 N for 
these eight targeted loading points (Figure  2b, see Supporting 
Information for specific displacement values), we obtain a curved 
beam with the geometry parameters: P2 = [0.0744 L, 0.3389 H], 
P3 = [0.4113 L, 0.2393 H], P4 = [0.6306 L, 0.5506 H], P5 = [0.9719 L, 
0.2703 H], w1 = 1.5794, w2 = 2.3799, w3 = 1.7017, w4 = 3.0865, w5 = 
3.9529, w6 = 3.3716. The force–displacement curve of the obtained 
NURBS beam is shown by the red solid line in Figure 2b, which 
resembles a QZS behavior by approaching the prescribed target 
values. It should be noted that this curve is very probably not 
optimal globally, considering that the genetic algorithm gener-
ally outputs the local optimal solution. The optimization results 
by using more or fewer control points are also presented in 
Figure S5, Supporting Information. It seems that increasing the 
number of control points does not necessarily lead to a more 
optimal curve without changing the population size and termina-
tion generation. Besides, increasing the number of control points 
means increasing the number of optimization variables, which 
finally increases the cost of optimization design. To validate the 
effectiveness of the design, we build the corresponding 3D solid 
model and investigate its response under the boundary condition 
depicted in Figure  2a by using the commercial finite element 
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package ABAQUS. For details about the simulations, including 
the verification of convergence, see Supporting Information. The 
force–displacement relation of this solid model (the blue line 
in Figure  2b) also exhibits the desired QZS feature, although 
the position of the plateau corresponding to the QZS moves up 
slightly. The reason for the difference is that the out-of-plane 
thickness of the beam is relatively large, which is equivalent to 
the plane strain problem, while the Beam Interface simulation 
in COMSOL is closer to the plane stress problem. Figure 2c illus-
trates the deformed shape of the solid model for the loading dis-
placement u = H, with the color map representing the maximum 
principal strain. The strains are less than 3% such that using 
a linear elastic constitutive relation in the simulations for sim-
plicity is feasible.[19] The maximum principal strain can be further 
reduced by decreasing the in-plane thickness of the beam (see 
Figure S6, Supporting Information). Furthermore, the stiffness 
is depicted in Figure 2d, which is derived from the blue curve in 
Figure 2b. It is observed that the normalized stiffness decreases 
from about 4 to 0 and then increases back to 4, forming a QZS 
region. Quantitatively, normalized stiffness with a value of 0.1 is 
selected as a threshold to define the QZS region, as illustrated 
in Figure 2d. Altogether, we have obtained a monolithic smooth 
curved beam with the prescribed QZS feature.

To form a mechanical metamaterial with programmable 
QZS characteristics, a basic building block, as depicted by 

the inserted figure in Figure 2e, is constructed in the manner 
shown in Figure  1b. Its response under vertical displacement 
loaded on the top is investigated in ABAQUS, and the corre-
sponding force–displacement relation is given by the blue line 
in Figure  2e. In the previously defined QZS region, the reac-
tion force almost keeps constant. Compared with the blue 
curve in Figure  2b, one can see that the QZS payload (force 
corresponding to the plateau) is doubled due to the superpo-
sition effect of two parallel beams. Meanwhile, a building 
block sample is fabricated by using 3D additive manufacturing 
(SPS450H, National Institute Corporation of Additive Manufac-
turing, Xi’an, China) with a photosensitive resin (6000B, The 
Zhbond Company, China; E  = 1.4 GPa and ν  = 0.4). The cor-
responding experimentally measured loading response is pre-
sented by the red dotted line, which also shows obvious QZS 
characteristics. Besides, the deformed configurations of the 
building block at the loading states u  = 0.5H and u  = H are 
reported in the right panel of Figure  2e, indicating that our 
experimental and numerical results are in good agreement.

When compressing the metamaterial formed from assem-
bling the basic building block in series and parallel, its QZS fea-
ture can be predicted by the digitalization of the metamaterial. 
Taking the metamaterial consisting of N layers as an example 
(as illustrated in Figure  3a), and these layers are grouped 
according to the number of cells (i.e., the building blocks) 

Figure 2. Mechanical behavior of the tailored curved beam, and the corresponding basic building block. a) Geometric representation and design 
boundary of the curved beam. b) Eight target points in the force-displacement space are chosen to define the expected QZS behavior. By using the 
geometry optimization method, the shape of the curved beam enclosed in the design space shown in (a) can be obtained, whose force–displacement 
curve (red) fits these target points very well. For comparison, the mechanical response of the corresponding 3D solid model is also presented (blue), 
which also exhibits the desired QZS feature. c) The distribution of the maximum principal strain for the loading displacement u = H. d) The stiffness is 
derived from the blue curve in (b). A QZS region is defined by selecting the normalized stiffness with a value of 0.1 as a threshold. e) Left panel: loading 
response of the basic building block under vertical compression. The simulated and experimental results are shown in blue and red, respectively. Right 
panel: the deformed configurations at loading states u = 0.5H and u = H.
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therein. Assuming there are p groups, and the i-th group 

is composed of ni (i  = 1, 2, …, p) layers, with each layer con-

taining mi cells, we have 
1

N n
i

p

i∑=
=

. In this manner, the assembly 

relation of the metamaterial can be digitalized by the matrix 
[n1 n2 … np; m1 m2 … mp] (see Figure 3a). Because all layers are 
in series, the total resultant force in each layer is the same. 
This indicates that the more cells the layer has, the smaller the 
resultant force in a single cell is, and the later the layer arrives 
at the QZS plateau. Therefore, according to the number of 
cells in each layer, the p groups will arrive at their QZS pla-
teaus in sequence, that is, p plateaus will be observed on the 
force-displacement curve of the metamaterial. For the i-th 

plateau, corresponding to the i-th group, the QZS displacement 
range is superposed to be ni*d0 since the i-th group contains 
ni layers in series, and the QZS payload is superposed to be 
mi*F0 since each layer in the i-th group contains mi cells in par-
allel. d0 and F0, respectively, represent the QZS displacement 
range and the QZS payload of the single cell. Consequently, the 
QZS behavior of the metamaterial can be expressed as the 2 × p 
matrix [n1*d0 n2*d0 … np*d0; m1*F0 m2*F0 … mp*F0], with each 
column of the matrix corresponding to a plateau on the force-
displacement curve (see Figure 1c).

To validate the predicted QZS features of the tailored meta-
material, four metamaterial samples, respectively, labeled as 
type I, type II, type III, and type IV (see Figure 3b), are fabricated 

Figure 3. Programmable mechanical behavior of the tailored metamaterial. a) Digitalization of the assembly relation of the metamaterial. The layers 
of the metamaterial are grouped according to the number of cells therein. Supposing the i-th group is composed of ni (i = 1, 2, …, p) layers, with each 
layer containing mi cells. b) Four metamaterial samples, respectively labeled as type I, type II, type III, and type IV, are fabricated by using 3D additive 
manufacturing. The assembly matrixes of them are illustrated in the left panel. c) The experimentally measured compression responses of these four 
metamaterial samples. The width and height of each QZS region are respectively measured by d0 = 2.5 mm and F0 = 9.36 N, which are obtained from 
the force-displacement response of the single cell shown in Figure 2e. d) Four typical deformation states during the loading process of the assembly 
type IV. The positions of these four states are marked in c(IV).
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by using 3D additive manufacturing mentioned above. For all 
the printed samples throughout this paper, the out-of-plane 
thickness is 20 mm. According to the digitalization scheme 
in Figure  3a, each assembly type can be digitally expressed 
by a matrix, as presented in the left panel of Figure  3b. For 
instance, the assembly type I contains only one layer with three 
cells in parallel, thus it corresponds to the matrix [1; 3]. Then 
the mechanical responses of these four samples are tested by 
utilizing an MTS testing machine (WDW-2, Changchun New 
Testing Machine Co., LTD, China) with a compressing speed 
of 10 mm min−1, and the loading force is measured by a force 
sensor with a resolution of 0.01 N. The corresponding loading 
curves are shown in Figure 3c. These measured curves exhibit 
diverse QZS characteristics, specifically in the QZS displace-
ment range and the QZS payload. For quantitative comparison, 
the QZS regions on each curve are highlighted by the columnar 
strips. The width and height of the QZS region are respectively 
measured by d0 = 2.5 mm and F0 = 9.36 N, which are obtained 
from the force–displacement response of a single cell (see 
Figure  2e). For each case, the measured QZS feature shows 
good agreement with the predicted one. Taking the assembly 
type I as an example, the measured QZS characteristics is 
denoted as [1.0*d0; 3.12*F0], which is very close to the predicted 
matrix [1.0*d0; 3.0*F0].

Furthermore, four typical deformation states during the 
loading process of the assembly type IV are presented in 
Figure  3d. The positions of these four states are marked in 
Figure 3c(IV). Among them, the first two respectively corre-
spond to the start and end of the first QZS plateau, and the last 
two respectively correspond to the start and end of the second 
QZS plateau. According to the analysis in the previous para-
graph, the three plateaus in Figure 3c(IV) correspond to the 
deformations of the first, second, and third layers, respectively. 
During each plateau, except for the layer corresponding to the 
plateau, no deformation occurs in the other layers because they 
do not “feel” the change of resultant force. This is responsible 
for the phenomenon observed in Figure 3d, that is, some stiff 
horizontal strips are at rest.

In addition to the above loading responses, we also recorded 
the full loading and unloading force–displacement curves for 
the printed unit cell and the type II metamaterial (see Figure S7, 
Supporting Information). The cycle responses show that the 
designed metamaterial almost returns to the initial shape when 
fully unloaded. The recovery rate of deformation reaches about 
92.7%, which is obtained by comparing the residual displace-
ment with total applied displacement. The cycle responses also 
illustrate that the unloading curve does not coincide with the 
loading curve, which is related to the inevitable energy dissi-
pation of the polymeric material during the loading/unloading 
cycle. Be noted that, the QZS feature during the second cycle 
almost remains the same as that during the first cycle despite 
the existence of energy dissipation. Such energy dissipation 
could be reduced significantly if using metal as the constitutive 
material to fabricate the designed metamaterials.

There are several points that need to be briefly discussed 
as follows: First, according to the analysis in Figures  1 and 3, 
ideally, as for the mechanical metamaterial consisted of curved 
beams with identical geometry, its QZS payloads can only be a 
positive integer multiple of F0. Naturally, such a question will 

be considered, that is, how to generate other QZS payloads that 
are not integral multiples of F0? This issue can be addressed 
by introducing curved beams with different QZS characteris-
tics, as demonstrated by Figure S8, Supporting Information. 
Second, the constitutive material used in the design is con-
sidered to be linearly elastic, the mechanism of QZS stems 
solely from the structural geometry of the curved beams and is 
therefore materials-independent. For example, when the con-
stitutive material is changed from the photosensitive resin to 
aluminum, the normalized force–displacement curve remains 
almost unchanged (see Figure S9, Supporting Information). 
Third, the design strategy can be applied to structures with 
various length scales (from micro to macro). To demonstrate 
it, we proportionately reduce the geometric dimension of  
the designed curved beam (Figure  2a) by 1000 times and cal-
culate the corresponding compressing responses. As shown by 
Figure S10, Supporting Information, when the length of the 
structure is changed from millimeter-scale to micron scale, the 
QZS characteristics are maintained although the magnitude of 
the loading force changed dramatically (decreased by six orders 
of magnitude). It should be noted that the size effect which 
can make the properties of the constitutive material greatly 
change is not considered here. Fourth, the programmability of 
the metamaterials originates from assembling the unit cells in 
series and parallel. In the current study, the arrangement of the 
unit cells is indeed in the two-dimensional plane. In practical 
application, we can arrange the unit cells along the direction 
normal to the plane of the paper; an example design is given by 
Figure S11, Supporting Information. Last, recent studies[43,44] 
also reported the plateau feature on the stress-strain curves 
of composite lattice metamaterials. These stress plateaus 
originate from buckling and post yielding of the microstruc-
ture. However, in this study, buckling of the curved beams is 
prevented by adding a penalty factor in the optimization pro-
gram to avoid negative stiffness, see the details about the com-
plete mathematical formula of the geometry optimization in 
Supporting Information.

So far, it has been proved that programmable QZS features 
can be achieved through our tailored mechanical metamate-
rials. Next, vibration tests are conducted to demonstrate that 
excellent vibration isolation effects in ultralow frequency 
ranges can be realized through the achieved QZS features. 
The experimental setup is shown in Figure 4a. One metama-
terial sample characterized by the assembly matrix [1 1 1; 2 3 4] 
(see the left panel of Figure 4b) is installed on an electrome-
chanical shaker (LDS V406 from Bruel & Kjaer VTS Ltd.). The 
support mass is appropriately adjusted and attached on the 
surface of the sample. Two identical accelerators (Type 4516 
from Bruel & Kjaer VTS Ltd.) are attached on the bottom and 
top surfaces of the sample, serving to receive input and output 
signals, respectively. The white noise signal is generated by 
the signal generation module included in the dynamic signal 
collection system (PHOTON+ from Bruel & Kjaer VTS Ltd.), 
and then amplified by power amplifier (LDS LPA600 from 
Bruel & Kjaer VTS Ltd.). The acceleration signals are meas-
ured and acquired by the dynamic signal collection system.

The compression response of a metamaterial sample dig-
italized by the matrix [1 1 1; 2 3 4] is presented in the right 
panel of Figure 4b. Three plateaus respectively corresponding 
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to the QZS payloads 2.16*F0, 3.21*F0 and 4.14*F0 are observed, 
where F0 is the QZS payload of the printed single cell obtained 
from Figure 2e. The coefficients 2.16, 3.21, and 4.14 are close to 
the predicted values 2.0, 3.0, and 4.0, and the main reason for 
the existing difference is as follows. In the as-designed struc-
ture, all the curved beams have the same in-plane thickness 
of 1.0 mm. However, in the printed metamaterial samples, the 
in-plane thickness of the curved beams shows a certain devia-
tion from 1.0 mm, with the maximum deviation reaching 8% 
in the measured data set, as shown by Figure S12, Supporting 
Information. Since the in-plane thickness of the printed single 
cell and that of the sample in Figure  4b (also the samples in 
Figure  3) are not completely the same, the obtained coeffi-
cients corresponding to the QZS payloads show certain devia-
tions from the predicted integer values. To test the perfor-
mance of the mechanical metamaterial in ultra-low frequency 
vibration isolation, the transmissions under different support 

masses are evaluated (see Figure  4a). The transmittance is 
defined by 20*log(Aout/Ain), where Aout is the amplitude of 
acceleration at the support mass and Ain is the amplitude 
of acceleration generated by the shaker. It should be noted 
that the sample shown in Figure  4a is not the one shown in 
Figure  4b. Considering place the support mass steadily on 
the top of the metamaterial, we printed a new sample shown 
in Figure  4a for the vibration tests. In this sample, a pair of 
auxiliary pillars is designed to ensure that the support mass is 
placed in the center of the top of the sample. The pair of pillars 
also restrains the support mass to prevent it from sliding and 
falling. Figure  4c shows the transmittances under five typical 
support masses, with three among them corresponding to the 
QZS payloads. So, how to determine the values of these three 
support masses? The QZS payloads (i.e., 2.16*F0, 3.21*F0, and 
4.14*F0) on the force–displacement curve shown in Figure 4b 
are selected as a reference. Taking the first QZS payload as 

Figure 4. Experimental vibration tests. a) Instrument setup to measure the vertical vibration performance of the mechanical metamaterials. b) The 
sample used in the vibration tests is characterized by the assembly matrix [1 1 1; 2 3 4]. The right panel shows the experimentally measured force-
displacement curve of a metamaterial sample characterized by this matrix. c) The experimentally measured transmittance curves under five typical 
support masses, with three among them corresponding to the QZS payloads.
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an example, we first place the mass corresponding to 2.16*F0 
on the top of the sample, and then record the transmission 
response of the system while adjusting the support mass by 
standard weights. When the system has low transmittance 
in the whole low frequency range, the support mass corre-
sponding to the first QZS payload is determined. Similarly, we 
can determine the other two support masses corresponding to 
the second and third QZS payloads of the sample in Figure 4a. 
The results experimentally show that the mechanical metama-
terial can significantly shield vibrations over almost the entire 
low frequency range when the support mass corresponds to 
the QZS payload. In comparison, for cases with other support 
masses (M = 500 g and M = 5000 g), resonance peak with high 
transmittance is observed in the studied low frequency range 
(0–30 Hz).

3. Conclusion

In summary, we have proposed a novel strategy to con-
struct a type of compliant mechanical metamaterial with 
greatly enhanced programmability on overall mechanical 
behavior, such as the force–displacement curve and the 
quasi-zero-stiffness (QZS) feature. These are demonstrated 
by the combination of experiments, NURBS-based design 
optimization, and FEM simulations. This concept can be 
used to design and fabricate versatile metamaterials or meta-
structures with multiple QZS working ranges, which enables 
ultra-low frequency vibration isolation without sacrificing the 
loading capacity. Additionally, the proposed programming 
strategy can also offer new insights for the design of com-
pliant mechanisms, which typically require achieving a cus-
tomized force–displacement curve through rational geometry 
design optimization.
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