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Appendix A Geometric designation

The fabrication of the FSS starts from preparing the two-dimensional (2D) precursor of the origami structure on the polyimide

substrate (relative permittivity: 3.5, loss tangent: 0.008 and thickness: 0.1 mm) as shown in Fig. S1. A CW and a pair of SRRs

form the unit cell of FSS and are periodically arranged on the substrate with 0.018-mm-thick copper (Cu) layer. The lattice

constant of array is Px = Py = 12 mm and the length and width of the CW resonator is L = 9 mm and w = 0.5 mm, respectively.

Two SRRs, with side length (h) of 3.0 mm and split gap (g) of 0.5 mm, are placed with a distance (Dx) of 3 mm. The distance

between the SRRs and CW is set as dy = 4.2 mm. The folding angle is denoted as θ and the red/white dashed lines are the slit

cuts. Slit cuts with no perforation are formed using an ultra-violet nanosecond laser system (Delphi, China) to define the origami

structure.

Figure A1 (a) The geometric parameters of the FSS. (b) The definition of the folding degree θ.

Appendix B Simulation and measurement conditions

In the simulation, we use the commercial software (HFSS) to finish the numerical simulation. Master/slave boundary conditions

and Floquet port excitation were applied with a model of a single unit cell, as shown in Fig. S2(a). As shown in Fig. S2(b), vector

network analyzer (R&S ZNB20) was connected to two antennas placed in line-of-sight to each other, and the FSS was placed in the

middle of two antennas. In the process of testing, a prior calibration is necessary to reduce test error. Thus, the real transmission

response is obtained by subtracting the transmission response without FSS placed between two antennas from the one with FSS.
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Figure B1 (a) Numerical model with Floquet port excitation and master-slave boundary condition, where Mi stands for master

and Si for slave and the subscript i = 1 and 2 identify the master-slave pairs. (b) Schematic illustration of the experimental setup.

Appendix C Equivalent circuit analysis

To investigate the mechanism of the FSS illuminated by TE polarized wave, a equivalent circuit model (ECM) is proposed in

accordance with the unit cell of the FSS, as shown in Fig. S3.

Figure C1 Equivalent circuit model for the unit cell of the FSS.

In the analysis, inspired by the previous reports [1–3], we extend the equivalent circuit model usually exploring the resonance

characteristics of EIT analogue to explain the broadening effect of the proposed FSS as the occurrence of the folding process. In

the proposed model, we can consider the CW (bright resonator in EIT analogue) and the pair of SRRs (dark resonator in EIT

analogue) in each unit cell as a circuit formed by two loops of RLC resonance circuits.

The left loop, consisting of the resistor R1, the inductor L1 and the capacitors C1 and C, represents the pumping oscillator

of the CW that can be directly excited by the external electromagnetically fields. The right loop represents the SRRs that only

are excited by coupling fields, which is composed of the resistor R2, the inductor L2 and the capacitors C2 and C. The incident

electromagnetic wave and the coupling between the CW and SRRs are modeled by voltage source Vs and capacitor C respectively.

We define the clockwise direction as the positive direction of the current flow. Based on the Kirchhoff’s law, following circuit

equations can be obtained with the resonant frequency ω:

Vs = R1I1 + jωL1I1 +
1

jωC1
I1 −

1

jωC
I2. (C1)
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1
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1

jωC
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With Eqs. C1 and C2 , Vs can be solved as:
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1
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Then, the impedance (Z) of the ECM can be obtained:

Z =
Vs

I1
= (R1 + jξ1) +

η2

R2 + jξ2

=
1

R2
2 + ξ22

[(R1R
2
2 +R1ξ

2
2 +R2η

2)+

jξ1(R
2
2 + ξ22 − ξ2

ξ1
η2)]. (C4)



Sihong Chen, et al. Sci China Inf Sci 3

Here, ξ1 = (ωL1 − 1
ωC1

), ξ2 = (ωL2 − 1
ωC2

) and η2 = ( 1
ωC )2. Then, when the ECM is in resonant state, the imaginary part

of Z is equal to zero. Thus, we obtain the Eq. C5:

ξ1(R
2
2 + ξ22 − ξ2

ξ1
η2) = 0. (C5)

As indicated by the Eq. C5, the solutions depend on the value of η when we assume the other circuit parameters as constant

and the possible solutions are summarized in Table S1. To simplify the analysis, the initial resonant frequency of the two resonators

are set equal, so L1C1 is equal to L2C2. The solutions shown in Table S1 show that the changing of coupling strength (η) between

CW and SRRs leads to the tuning of the frequency response of the unit cell, and the resonant frequency can be further reconfigured

from one frequency point to two points. The dependences of frequency response and resonant frequency on the coupling strength

provide the opportunity to realizing mechanical reconfiguration of the FSS by adopting the mountain-valley origami pattern to

continuously tune the coupling strength of the resonators.

Table C1 The dependence of solutions on the coupling strength (η)

Conditions Solution Description

η2 < R2
2

C2
C1

ξ1 = 0 one resonant frequency

Requiring ξ22 < 0 no physical meaning

η2 = R2
2

C2
C1

ξ1 = 0 or ξ2 = 0 two same resonant frequency point

η2 > R2
2

C2
C1

ξ2 = ±
√

C1
C2

η2 − R2
2 two different resonant frequency point

ξ1 = 0 I2 is inconsistent with the resonance state

Appendix D Polarization investigation
Here, we calculated the transmission response of the FSS under other folding degrees and AoIs under TE polarization presented

in Fig. S4, which demonstrates similar trends. Meanwhile, we noticed that the proposed FSS can operate normally with the

oblique incidence angle up to 45° and folding degree up to 60°, which shows good characteristics compared with other reported

origami-based FSS [4–9].

Figure D1 TE-polarized transmission spectrum of the FSS with oblique incidence under different folding degrees.

We also studied the transmission properties of the FSS with different incidence angles under TM polarization shown in Fig. S5.

We know that the CW resonator can’t be excited due to the perpendicular orientation to the incident electric field, instead the

SRRs are excited with LC resonance. With the increase of folding degree, the resonant frequency points keep stable except for the

decrease of resonance strength, which is caused by the changes of the periodicity and re-orientation of the SRRs [4]. The width

of the dipole is too small to excite even though at very large folding degree and the energy transfer between the two resonators

can’t be realized, leading to the disappearance of the broadening bandwidth effect of FSS for the orthogonal polarization. This

also indicates that it is the introduction of EIT coupling effect that renders the possibility of the achievement of the reconfigurable

FSS with ultra-wide bandwidth just based on single-layer structure.
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Figure D2 TM-polarized transmission spectrum of the FSS with oblique incidence under different folding degrees.

Appendix E Analyses of FSSs based sole-CW and SRR-pair

As indicated by the simulation and experiment results, the mechanical bandwidth modulation of the FSS is closely related to

the different dependence of lower and higher resonant frequencies on the changing folding degree. In the text, we just presented

the results of the combination of CW and SRR-pair as the unit cell. Here, for furthermore understanding the reconfiguration

mechanism, we showed the simulated relation between the folding degree and the FSSs with the same origami structure of sole-CW

and SRR-pair in Fig. S6. we can see that although the SRR-pair are inactive with small folding degrees due to the perpendicular

orientation of the incident electric field, the resonant frequency of FSS with SRR-pair is insensitive to the changing folding degree

and is always lower than the ones with CWs. Contrarily, the larger folding degree leads to an obvious blue shift of the resonant

frequency of FSS with sole-CW. This trend suggests the lower resonant frequency of the FSS with both CW and SRR-pair is mainly

determined by the LC resonance of SRR-pair and the higher frequency is determined by the dipole resonance of CW. When both CW

and SRR-pair are periodically placed on the FSS, the different deformation response characteristics of these two types of resonators

simultaneously affect the spectral response of the FSS to the deformation. Since the CW and SRR-pair are separately placed on

each side of the slit cut of the FSS, the coupling distance between CW and SRR-pair becomes smaller with the deformation of FSS,

leading to the stronger coupling between the CW and SRR-pair to realize the reconfiguration of FSS’s bandwidth.

Figure E1 The simulated relations between the folding degree and the FSSs with sole-CW or SRR-pair under the same origami

configuration. The insets are the simulation setups of the sole-CW and SRR-pair.
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Appendix F Comparison with reported origami-based FSSs
A comparison between the proposed and other reported origami-inspired FSS is presented in Table S2. Although some previous

reports also demonstrate the ability to mechanically reconfigure the transmission bandwith of FSS, our work show a much larger

modulation depth. Moreover, the large modulation depth of the proposed FSS only relies on a single layer of mountain-valley

structure, which simplifies the design of the origami-based structure and the fabrication process.

Table F1 Comparison between the proposed and reported origami-based FSSs.

Ref. Structure Unit Design Reconfiguration Mechanism Functions limitations

[5] Single-layer Cross

Deformation-dependent

incident field and

interelement coupling effect

Frequency tuning (≈19%)
Narrow and unadjustable

bandwidth

[6] Single-layer Dipole

Deformation-dependent

incident field and

interelement coupling effect

Frequency tuning (<10%)
Transmission coefficient

Extremely attenuated

[4] Single-layer Dipole

Deformation-dependent

incident field and

interelement coupling effect

Frequency tuning (≈30%)

Bandwidth enhancement

(<200%)

Transmission coefficient

Extremely attenuated

[7, 10] Multi-layer Dipole

Deformation-dependent

incident field and interelement

and interlayer coupling effect

Ultra-bandwidth (≈23%)

Bandwidth enhancement

(<200%)

Limited bandwidth enhancement

Multi-layer design

[8] Single-layer Rhombic-loop

Deformation-dependent

incident field and

interelement coupling effect

Bands’ number tuning

(single-band to dual-band)
Complicated coupling relation

[9, 11] Multi-layer Dipole

Deformation-dependent

incident field and interelement

and interlayer coupling effect

Ultra-bandwidth (≈23%)

Bandwidth enhancement

(<200%)

Limited bandwidth enhancement

Multi-layer design

Our workSingle-layer SRRs-CWs

Deformation-dependent

incident field and

EIT coupling effect

Ultra-bandwidth (≈25%)

Bandwidth enhancement

(>300%)

Manual-folding

Polarization dependence

Appendix G Deformation realization
The folding crease pattern of a 40×20 element array was printed on a sheet of polyimide substrate, and then the sheet was folded

by hand, producing the mountain-valley structure, and different folding degree is achieved by compressing different distances, as

show in Fig. S7. When the compressive strain is applied to the substrate, out-of-plane deformation occurs and the FSS can be

folded along the slit cuts. With the gradually folding of FSS, the bandwidth of the frequency selective effect can be mechanically

modulated over a continuous range. The compression distance is determined by the following equations: D = 40× Py(1− cos(θ)),

where D, Py and θ represent the compress distance, unit cell size and folding degree. Thus, the corresponding compression distances

are summarized in Table S3. Also, the folding deformation can be realized by using various actuators in the applications, such as

mechanical stretching platform, shape-memory polymer and dielectric elastomer actuator [12–14], to increase the switching speed

to some extent.

Figure G1 Schematics of the mechanical tuning process to achieve different folding degree.

Table G1 The relation between folding degree and compression distance

Folding degree θ (°)Compression distance D (mm)

0° 0

30° ≈ 64.3

60° 240
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