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S1. Materials and methods
S1.1. Fabrication process
[bookmark: OLE_LINK2][bookmark: OLE_LINK1]The fabrication of samples was conducted using 3D printing (UV-curing technology), and all specimens were fabricated by a Lite 800HD printer, which is a high-resolution 3D printer with a resolution of 0.1 mm. Throughout this paper, the photosensitive resin was the parent material. The sintering temperature of the photosensitive resin material is 80–120 ℃, and its material hardness is 79 according to ASTM D2240. The real stress–strain relationship of the 3D-printed dog-bone specimens is shown in Fig. 2(f). In addition, the samples used for 3D printing are all in “STL” format, which comes from the direct export of the geometric model of the COMSOL Multiphysics software.
S1.2. Numerical simulation
[bookmark: OLE_LINK11]Simulations were performed using steady state studies, in the solid mechanics of COMSOL Multiphysics software. The 3D solid model of the simulated and analyzed unit cell is shown in Fig. 2(d), with the following dimensions: a1  mm,  mm,  mm,  mm, h0 = 4 mm,  mm, and h = 7 mm. For the numerical solution, except for the fixed constraint at the bottom and the specified displacement at the top, no other constraints are imposed, which is consistent with the theoretical study in Fig. 2(a). Meanwhile, the geometrical nonlinearity was considered to ensure the fidelity of the simulation calculation.
S1.3. Experimental setup
To experimentally validate the performance of the programmable quasi-zero stiffness metamaterials, in our work, two types of measurement setups are used for experimental tests. One is the universal testing machine (AG-IC, Shimadzu), which is a high-speed data acquisition with a 2.5 ms sampling interval, and 0.4% to 100% of load cell capacity. During the quasi-static compression test, the compression speed was set to 1 mm∙min−1, and the loading force was measured synchronously by a force sensor with a resolution of 0.01 N. The other is the measurement setup for experimental vibration tests, which consisted of an arbitrary function generator (AFG2021-SC), power amplifier (HEAS-50), electromechanical shaker (HEV-50), accelerators (LC0135T and CT1010L), and dynamic signal acquisition devices (CT9104). Auxiliary equipment such as weights, support plate, pressure plate, and hot melt adhesives are also used during the experimental vibration tests. Moreover, throughout the experimental vibration test process, the sinusoidal wave was used as the output signal, and applied to the pressure plate via the shaker in a random sweep manner, using a low-frequency range (0−30 Hz).
S1.4. Experimental data analysis
Data are expressed as mechanical vibration acceleration and all statistical analyses were performed using MATLAB2019. 
S2. Derivation of the self-stiffness mechanism
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]As stated in the article, the building block as a whole includes two folded beams and auxiliary structures, as shown in Fig. S1(a). According to the particularity of folded beams described in Refs. [1,2], when small deformation d occurs under external force F, the fold beams are mainly affected by the resultant force f1 and the bending moment Me, as shown in Fig. S1(b). Meanwhile, due to the symmetrical configuration, the fixed-guided fold beams undergo the same deformation, therefore, the yield variation of the folded beam under the action of bending moment Me can be ignored. 

[image: 图片1]
Fig. S1. Deformation of the fixed-guided fold beams.

The resultant force f1 of the two springs is , where ,, where L1 and h0 are the initial length and height of the folded beam, respectively, L is the compressed length of the fold beam, and l is the half span of the horizontal constraint ends. Assuming that the two fold beams reach the equilibrium position when they are compressed to the horizontal position, and taking this as the initial position, the displacement in the vertical direction is , then we have the force f1 of the two springs, as follows.

   (1)
where  is the equivalent stiffness of the folded beam. Here, by differentiating X with the Eq. (1), the system stiffness K of the RUC can be obtained:

   (2)
When X = 0 is the static equilibrium position, then the stiffness K of the RUC is as follows. 

   (3)
From Eq. (2), the system stiffness K of RUC can be obtained by obtaining the equivalent stiffness k1 of the folded beam, where the equivalent stiffness k1 of the folded beam can be obtained through energy method [1,3]. The strain energy of these two folded beams can be written as

   (4)
Among them, the strain energy produced by the compression displacement (segments a1 and a2) caused by the resultant force f1, as follows,

   (5)
The strain energy produced by the bending displacement (segments a2 and c) caused by the resultant force f1, as follows,

   (6)
Combining Eqs. (5) and (6), the strain energy of these two folded beams is obtained, as follows,

   (7)
Here, according to the work–energy principle in the energy method, we have

    (8-1)

    (8-1)
By integrating Eqs. (4) and (8), we can get the equivalent stiffness k1 of the folded beam, as follows,

    (9)
By combining Eqs. (3) and (9), we can get the system stiffness K1 of the RUC, as follows,

   (10)
In the form of positive and negative stiffness combination mechanism, we have

   (11)
where E is the Young’s modulus material property of the folded beam, A is the cross-sectional area, , where b is the out-of-plane thickness of the folded beam, h is the thickness of the folded beam; I is the moment of inertia of the section, ; and a and c are length parameters of the folded beam.
In Eq. (11), the system stiffness can be understood as two parts, one is that c is 0, that is, the folder beam becomes an inclined beam. In this way, using the energy method [3], the equivalent stiffness k1 of the inclined beam, as follows,

    (12)
Accordingly, the system stiffness K of the RUC, as follows,

    (13)
With , E, A, and L1 are positive values, Kinclined is always negative at different vertical displacements. 
The other part is the positive stiffness characterized by the existence of the folded beam, that is

   (14)
S3. QZS metamaterials composed of engineering materials—stainless steel
As stated in the article, although a lot of research work on QZS metamaterials have been proposed in recent years, there are few reports about QZS metamaterials with simple QZS elements that can be directly used in practical engineering. To further validates the advantages of the proposed design mechanism and the application of QZS metamaterial in practical engineering, and reflects the differences between the QZS metamaterial proposed in this work and previous studies. This section presents the realization process of the proposed QZS metamaterial using engineering materials—stainless steel, which was proposed in our previous work [4]. Fig. S2 shows the manufacturing process of the simple RUCs with stainless steel. The designed RUCs with the following dimensions:  mm,  mm,  mm,  mm, h = 0.2 mm, and the inclination angle .

[image: 图片1.bmp]
Fig. S2. The manufacturing process of the simple RUCs with stainless steel. (a) Stainless steel strips are obtained from stainless steel plates by laser cutting technology. (b) PLA samples were obtained by 3D printing, including forming mold and support frame. (c) Stainless steel extrusion model, which is obtained by an electronic hydraulic press (PCD-30S). (d) QZS element assembled from stainless steel extruded model and support frames.

From the manufacturing process of the simple RUCs with stainless steel, the simplified structure and its design mechanism proposed in this work are more suitable for practical engineering applications. In particular, it can be seen from Fig. S2(d-ⅱ) that the right-angle part is avoided by introducing the chamfer transition, which can be easily achieved in actual design or manufacturing. Furthermore, to further validate the vibration isolation performance of the proposed QZS metamaterials, multiple RUCs were used to obtain the QZS metamaterials for vibration isolation experimental tests. The force–displacement relationship of the QZS features of RUC is shown in Fig. S3(a). To illustrate the reusability and robustness of RUC composed of engineering materials—stainless steel, we also recorded the force–displacement relationships for 10 times full loading and unloading. The measured full loading and unloading force–displacement curves for the designed RUC are shown in Fig. S3(b). The experimentally measured transmittance curve show that the masses corresponding to the QZS payloads can be effectively isolated in the low-frequency range, as shown in Fig. S3(d) (also see Movie S4).

[image: ]
Fig. S3. QZS metamaterial consist of engineering material—stainless steel. (a) The force–displacement relationship of the QZS features of RUC. (b) The measured full loading and unloading force–displacement curves for the designed RUC. (c) Experimental setup and the sample used in the vibration tests. (d) The experimentally measured transmittance curve.
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S1. Materials and methods


 


S1.1. Fabrication process


 


The fabrication of samples was conducted using 3D printing (UV


-


curing technology), and all specimens were fabricated 


by a Lite 800HD printer, which is a high


-


resolution 


3D printer with a resolution of 0.1 mm. Throughout this paper, the 


photosensitive resin was the parent material. The sintering temperature of the photosensitive resin material is 


80


–


120 


?


, 


and 


its material hardness is 79 according to ASTM D2240. The real s


tress


–


strain relationship of the 3D


-


printed dog


-


bone 


specimens is shown in Fig. 2(f). In addition, the samples used for 3D printing are all in 


“


STL
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format, which comes from the 


direct export of the geometric model of the COMSOL Multiphysics software.
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. Numerical simulation


 


Simulations were performed using steady state studies, in the solid mechanics of COMSOL Multiphysics software. The 


3D solid model of the simulated and analyzed unit cell is shown in Fig. 2(d), with the following dimensions: 
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= 7 mm. For the numerical solution, except 


for the fixed constraint at the bottom and the specified displacement at the top, no other constraints are imposed, which is 


consistent with the theoretical study in Fig. 2(a). Meanwhile, the geometrical nonlinea


rity was considered to ensure the 


fidelity of the simulation calculation.


 


S1.3. Experimental setup


 


To experimentally validate the performance of the programmable quasi


-


zero stiffness metamaterials, in our work, two types 


of measurement setups are used for 


experimental tests. One is the universal testing machine (AG


-


IC, Shimadzu), which is a 


high
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speed data acquisition with a 2.5 ms sampling interval, and 0.4% to 100% of load cell capacity. During the quasi
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static 


compression test, the compression speed was 


set to 1 mm
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min
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1


, and the loading force was measured synchronously by a 


force sensor with a resolution of 0.01 N. The other is the measurement setup for experimental vibration tests, which consiste


d 


of an arbitrary function generator (AFG2021
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SC), power a


mplifier (HEAS
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50), electromechanical shaker (HEV


-


50), 


accelerators (LC0135T and CT1010L), and dynamic signal acquisition devices (CT9104). Auxiliary equipment such as 


weights, support plate, pressure plate, and hot melt adhesives are also used during the 


experimental vibration tests. Moreover, 


throughout the experimental vibration test process, the sinusoidal wave was used as the output signal, and applied to the 


pressure plate via the shaker in a random sweep manner, using a low
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frequency range 
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-


30 
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S1.4. Experimental data analysis


 


Data are expressed as mechanical vibration acceleration and all statistical analyses were performed using MATLAB2019. 
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As stated in the article, the building block as a whole 
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guided fold beams undergo the same deformation, therefore, the 
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can be ignored. 
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