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Characterization
Transmission electron microscope (TEM) images were measured by Talos F200S. Optical Microscope images were recorded by OLYMPUS IX73. X-ray diffraction (XRD) patterns were recorded in a Polycristal PANalytical X'Pert Pro apparatus using Ni-filtered Cu Ka radiation. The SAXS images were measured by Anton Paar SAXSpoint 2.0. Raman spectra were measured using an excitation wavelength of 457.9 nm provided by a Spectra-Physics Model 2025 argon ion laser. Structural information was analysed with a JEOL JEM6700 scanning electron microscopy (SEM). 
Materials
Copper foil was purchased from BLING Flagship store, Shanghai. FR-4, Silica gel film, Rogers 5880, PET were purchased from Wuxi Chengyi Education Technology Co., Ltd.



[image: ]a

Figure S1  [bookmark: _Ref79680856][bookmark: OLE_LINK28][bookmark: OLE_LINK29](a) The fabrication process of GAF; (b) Coating; (c) Annealing; (d) Rolling Compression. 
Figure S1 (a) shows the large scale fabrication process of flexible large flake size graphene assemble film. The large flake size graphene oxide (LGO) was separated from lower layer of graphene oxide suspension after centrifugation. Large flake size graphene assemble flexible film was prepared through pre-metered roll transfer coating of LGO hydrogel (3 wt.%) on a self-released substrate such as polyethylene terephthalate (PET) film, as shown in Figure S1 (b). Subsequently, the LGO hydrogel on substrate was keep under mild heating condition (70-80 ℃) until drying. Thereafter, a soft, dark brown free-standing and paper-like graphene oxide film (LGO film) could be easily peeled off from the PET substrate. And then, LGO film was thermally annealed (2850˚C) in Ar atmosphere between graphite plates for reduction and graphitic crystallisation in graphitization furnace, as shown in Figure S1(c). After thermal reduction, a rolling compression with the pressure of 300 MPa was further introduced to obtain the primary annealing graphene assembled film (GAF) (Figure S1(d)). Followed by the rolling compression, a secondary high temperature (2850˚C), Figure S1(c), annealing process in Ar atmosphere was carried out to remove the structural damage during the rolling process to further increase the electrical conductivity.
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Figure S2  [bookmark: _Ref79684401]Digital photographs of LGO films and GAFs
Figure S2 show GAFs can be folded into a boat or a spring shape to present its durability and flexibility.
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Figure S3  [bookmark: _Ref79680902]Optical microscope images of typical-sized GO sheets and corresponding size distributions
Figure S3 shows the statistic study of typical-sized GO sheets. It can be found from the Figure S3 that TGO with the lateral size < 60 μm accounts for 98.4 %, and 81.5% of TGO are smaller than 40 μm according to cumulative distribution statistics.
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Figure S4  [bookmark: _Ref79680928]Raman spectroscopy of GAF
Figure S4 shows the Raman spectroscopy of GAF. The G band (1584 cm-1) and 2D band (2687 cm-1) are found, no obvious D band has been observed referring the elimination of lattice defects and formation of characteristic sp2 hybridized lattices. In addition, the XRD pattern of GAF in main text exhibits a sharp diffraction peak at 26.5°, suggesting a d002 = 0.34 nm; the peak (004) confirms the highly graphitized structure.
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Figure S5  [bookmark: _Ref79680936]The SAXS pattern of TGF
Figure S5 shows the small-angle x-ray scattering (SAXS) pattern of TGF recorded by Small-angle X-ray Scattering System (Anton Paar SAXSpoint 2.0). The SAXS pattern of TGF shows a circular scattering pattern which means the flake orientation in TGF film showing less orientation or random assembling. 
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Figure S6  [bookmark: _Ref79680945]Surface SEM image of GAF
Figure S6 is the top view GAF SEM image, microfolds are uniformly distributed on the GAF surface ascribing to the synergistic effect of graphene nanosheets stacking, conversion from oxygen-containing functional groups to gases and finally to the micro-cavity which was evolved into microfolds.
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Figure S7  [bookmark: _Ref79680957]The cross-section SEM imange of GAF
As shown in Figure S7 , the cross-section SEM image of the GAF characterises a thin film/laminate structure with a thickness of ~19 ± 0.5 μm.

Test of conductivity and surface resistance of GAF:
[image: F:\即时通讯\Tencent\1402984519\FileRecv\MobileFile\IMG_20180604_110011.jpg]  [image: E:\文章\2\figure\四探针示意图.tif]
Figure S8  [bookmark: _Ref79680974]The Digital photo and testing principle schematic of four probes tester
The instrument used to test conductivity is four probes tester, as shown in Figure S8 . The specific test method is as follows:
Sample: 10mm x 10mm; 
Probe spacing: S=1mm
1. Surface resistivity test
[bookmark: OLE_LINK9](1) The current I is from probe 1 to probe 4, and the voltage between probe 2 and 3 is V23+;
(2) Reversing the current, I is from probe 4 to probe 1, and the voltage between probe 2 and 3 is V23-;
(3) Calculating the mean value of positive and backward voltage: V23= (V23+ + V23-) /2;
(4) Calculating the surface resistance (R□): R□=K×(V23 / I);
  where K is correction factor. 
2. Conductivity test
(1) Calculating the volume resistivity: ρ= R□×W×F (W /S)/ 10 (Ω·cm);
where W is the thickness of the sample obtained from SEM cross section images, F(W/S) is the thickness correction factor.
(2) Calculating the conductivity: σ =1 / ρ.
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Figure S9  [bookmark: _Ref79680988]Conductivity of graphene film made from different temperature as well as GO precursor size 
As shown in Figure S9 , the electrical conductivity of flexible graphene assembled film were improved by increasing the annealing temperature, this is attributed to the elimination of disturbing oxygen containing groups caused residual defects exist in original GO film and recrystallisation. The annealed temperatures increased from 1150, 2200, 2750, 2800, to 2850 ℃, corresponding to a growing conductivity of 3.9×103, 1×104, 2.5×105, 7.6×105, and 9×105 S/m, labelled as TGF1, TGF2, TGF3, TGF4, TGF5 respectively. Figure S9 also shows the comparison of GAF made of large flake size GO presents a conductivity up to 2.58×106 S/m, which is 3 times higher than the typical flake size GO made film annealed at same temperature. 
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Figure S10  [bookmark: _Ref79681026]The proposed mechanism of electron transfer paths within GAF and TGF layered structures
The level of contact resistance dominates the film electrical conductivity. The adjacent graphene nanosheets interact with each other via van der Waals forces with an atomically clean inter-face free of disordered chemical bonds, in this case, the actual electron flow channel is smaller than the contact area when the current passed through the two contact surfaces. GAF has less connection boundaries compared with the TGF within the transverse connection due to the large in-plane crystallite size, therefore when the current passes through the contact surface, the contact resistance increases with the contraction of the current line, thus having a higher electrical conductivity. As shown in Figure S10 , TGF has more connection boundaries compared with the GAF within the transverse connection due to the smaller in-plane crystallite size, thus, having a lower electrical conductivity.
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Figure S11  [bookmark: _Ref79681040]Comparison of graphene’s conductivity in references to the result in this work
As presented in Figure S11 , the GAF exhibited a metal-like electrical conductivity, which is higher than other methods fabricated graphene film reported in literature.

Table S1 Summary of conductivity and thickness of grapheme film and grapheme paper
	Method
	Annealing Temperature (℃)
	Conductivity
(S/m)
	Thickness
(μm)
	
Reference

	Thermal Reduction
	2850
	2580000
	19
	This Work

	Chemical Reduction
	Room Temperature
	110000
	7.1
	1

	Coating
	Room Temperature
	140000
	20
	2

	Chemical Reduction
	Room Temperature
	10800
	13
	3

	Chemical Reduction
	Room Temperature
	119
	54
	4

	Chemical Reduction
	Room Temperature
	1350
	8
	5

	Chemical Reduction
	Room Temperature
	13640
	6.19
	6

	Vacuum Filtration
	Room Temperature
	253
	5
	7

	Laser Reduction
	Room Temperature
	2560
	/
	8

	Chemical Reduction
	Room Temperature
	30000
	2.4
	9

	Chemical Reduction
	Room Temperature
	33700
	7.3
	10

	Chemical Reduction
	Room Temperature
	37400
	6.5
	11

	Chemical Reduction
	Room Temperature
	385000
	12
	12

	Chemical Reduction
	Room Temperature
	43000
	1.9
	13

	Chemical Reduction
	Room Temperature
	4382
	25
	14

	Chemical Reduction
	Room Temperature
	58
	2.9
	15

	Vacuum Filtration
	Room Temperature
	7300
	10
	16

	Chemical Reduction
	Room Temperature
	80200
	8
	17

	Chemical Reduction
	Room Temperature
	84500
	6.5
	18

	Chemical Reduction
	70
	1300
	/
	19

	Chemical Reduction
	80
	200
	2.2
	20

	Chemical Reduction
	100
	29800
	2.6
	21

	Chemical Reduction
	100
	6180
	1.2
	22

	Thermal Reduction
	150
	16000
	2.56
	23

	Thermal Reduction
	200
	1800
	10
	24

	Vacuum Filtration
	340
	220000
	36
	25

	Thermal Reduction
	500
	1700
	9.9
	26

	Thermal Reduction
	500
	5900
	6
	27

	Thermal Reduction
	700
	8100
	6
	28

	Thermal Reduction
	1000
	13140
	/
	29

	Thermal Reduction
	1000
	20000
	
	30

	Thermal Reduction
	2000
	100000
	8.4
	31

	Thermal Reduction
	2000
	311300
	1.25
	32

	Thermal Reduction
	2400
	420000
	21.93
	33

	Thermal Reduction
	2700
	630000
	1.48
	34

	Thermal Reduction
	2700
	577000
	/
	35

	Thermal Reduction
	2850
	223000
	31.7
	36

	Thermal Reduction
	3000
	1060000
	10
	37

	Thermal Reduction
	3000
	183000
	9
	38



Table S2 Summary of conductivity and thickness of carbon-based materials, MXene and metals
	Materials
	Conductivity (S/m)
	Thickness (μm)
	
Reference

	Graphene ink
	43000
	50
	39

	Graphene ink
	43000
	6
	40

	Graphene ink
	71300
	7.8
	41

	Graphene ink
	44700
	20
	42

	Graphene ink
	88100
	14.7
	43

	Graphene ink
	24000
	3
	44

	Carbon nanotube
	3620
	50
	45

	Carbon nanotube
	35000
	12
	46

	Carbon nanotube
	130000
	10
	47

	MXene
	650000
	/
	48

	MXene
	300000
	2.5
	49

	MXene
	400000
	6
	50

	MXene
	22000
	2
	51

	MXene
	650000
	0.1
	52

	MXene
	226100
	/
	53

	MXene
	8800
	2
	54

	MXene
	330000
	7
	55

	Al
	35300000
	/
	/

	Fe
	10200000
	/
	/

	Cu
	57100000
	/
	/

	Ag
	60600000
	/
	/

	Au
	41700000
	/
	/




[image: ]
Figure S12  [bookmark: _Ref79681054]Apprent density comparison between GAF and copper foil
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK7][bookmark: OLE_LINK8]GAF and copper foil with an area of 20 mm × 30 mm is used to measure the weight, and then to calculate the apparent density. As shown in the Figure S12 , the weight of GAF (with the thickness of 19 μm) is 0.0220 g; the copper foil (with the thickness of 19 μm) has a weight of 0.0986 g. According to the calculation formula of the density (ρ=m/v, ρ: density, m: mass, v: volume), the apprent density of the GAF is 1.92 g/cm3, and the copper foil is 8.65 g/cm3.
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Figure S13  [bookmark: _Ref79684343]Apprent density comparison between GAF and metal materials
The apparent density of GAF shown in Figure S13 , 1.92 g/cm3, is significantly lower compared with metals such as gold (Au) of 19.32 g/cm3, silver (Ag) of 10.5 g/cm3, copper (Cu) of 8.65 g/cm3, aluminium (Al) of 2.7 g/cm3 and iron (Fe) of 7.9 g/cm3.
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Figure S14  [bookmark: _Ref79684440]Cross section SEM images of GAF
Figure S14 shows the cross section SEM images indicate that the durability of GAF that can endure a zigzag folding without any breakage.
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Figure S15  [bookmark: _Ref79684507]Surface SEM images of GAF 
In Figure S15 , the blue and yellow lines represent the local microfolds in different directions, while blue and yellow arrows indicate the unfolding direction of microfolds when suffering external force.
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Figure S16  [bookmark: _Ref79684665]Mechanical stability test of GAF and copper foil
A fold test of GAF and copper foil was designed to investigate the excellent flexibility and mechanical stability of GAF. As shown in Figure S16 , the copper foil cracked after 5 folds and was completely broken after 12 folds, whereas the GAF barely changed after 12 folds, demonstrating that the GAF has better mechanical stability than the copper foil. 



[image: C:\Users\Administrator\Desktop\Graph3.tif]
Figure S17  [bookmark: _Ref79684689]The dielectric constant and loss tangent of the silica gel film
The dielectric constant and loss tangent of the substrate influence RF and microwave circuit matching, particularly for passive microwave devices such as transmission lines and antennas. The coplanar waveguide transmission line, quarter-wave short-circuit resonator, and wearable antenna all have silica gel substrates. The relationship between the dielectric constant and the loss tangent in the 30 MHz - 18 GHz frequency band is shown in Figure S17 . The dielectric constant gradually decreases as frequency increases, and the loss tangent remains nearly constant at around 0.06. A change in the dielectric constant misaligns the passive device with the connector, and a larger loss tangent increases the loss of the dielectric substrate, both of which increase device losses. 
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Figure S18  [bookmark: _Ref79684720]The disgned structure of GAF dipole antenna
Figure S18 shows the structure of GAF dipole antenna. The dipole antenna was designed on the FR-4 substrate having a thickness (h) of 1.6 mm and dielectric constant of 4.4. Both the width (W) of the arm and the gap (g) between the two arms were 3.53 mm, and the arm length (L) was 63.95 mm.
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Figure S19  [bookmark: _Ref79684731]The E-field distribution of GAF dipole antenna at different phases
Figure S19 is the simulated electric field distribution of GAF dipole antenna at different phases. The value of the E-field distribution changed periodically with π, indicating that the current on the GAF dipole antenna was sinusoidally distributed, which was consistent with the current distribution theory of the dipole antenna.



[image: 26a02bf951ae430b62fa2c6f3375caa]
Figure S20  [bookmark: _Ref79684742]Salt spray experiment environment
Figure S20 is a digital photograph of a salt fog cabinet (Anhui Lianruan Education Technology Co., Ltd.), which serves as the antenna's salt spary experiment environment. Tested for one week and two weeks, the GAF antenna and copper antenna were placed in the salt fog carbinet at a temperature of 35 °C. The solution is a sodium chloride aqueous solution with a concentration of 5%, a PH of 6.8, and a sedimentation rate of 1.5mL/h.80 cm2.
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Figure S21  [bookmark: _Ref79684960]The working state of the GAF antennas phone
Figure S21 show the GAF antennas can work steadily in mobile phone. The Bluetooth switch, WIFI signal and main communication signal indicates the GAF antennas can offer stable performance in a mobile phone.
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Figure S22  [bookmark: _Ref79685300]Comparison of Bluetooth transmission rates between GAF antennas phone and original phone
To quantify the performance of the GAF antenna, a set of Bluetooth transmission rate comparison experiments were designed, as in Figure S22 , the GAF antennas phone has a similar transmission rate to the original phone. 
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Figure S23  [bookmark: _Ref79685647]The structure and digital photo of (a) flexible GAF wearable antenna; (b) 2×2 GAF antenna array and (c, d) GAF filter
As shown in Figure S23 , the wearable GAF antenna is designed on the silica gel film with a thickness of 1.5 mm. The 2×2 antenna array was designed on the FR-4 substrate. The length and width of element patch were 28.53 mm and 37.26 mm, respectively. The substrate of GAF filter is FR-4 with thickness of 1.6mm. The GAF filter is a fifth-order Chebyshev low-pass filter with a 3 dB cut-off frequency of 3.5 GHz. The filter is a microstrip structure, and the input port and output port impedance are both 50 ohms. The optimized dimensions are L=34.1mm, l1=6.5mm, l2=1.75mm, l3=2.46mm, l4=3.2mm, W=24.6m, w1=15.72mm, w2=3.06mm, w3=0.24mm. The microstrip line and ground are made of flexible GAF.
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Figure S24  [bookmark: _Ref79686095][bookmark: OLE_LINK5][bookmark: OLE_LINK6]Communication system demonstration of GAF WCE (wearable antenna, FCPW TL, antenna array, filter)
As presented in Figure S24 , a communication system integrated with all GAF electronics is demonstrated. The wearable GAF antenna, connecting with GAF FCPW TL, as the receiver. The GAF antenna array connecting with a low-pass filter to suppress harmonic radiation is fabricated as a transmitter. 
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Figure S25  [bookmark: _Ref79686381]Measured S-parameters of GAF WCE
The wearable antenna resonates at 2.45 GHz, as shown in Figure S25 . After connecting TL, the |S11| of antenna remains constant. Figure S25  also shows the transmission coefficient of FCPW TL. At the transmitting side, the |S11| of the GAF antenna array and the |S21| of the GAF filter are shown in Figure S25 . Before and after connecting the filter, the GAF antenna array works at 2.45 GHz to ensure the frequency matching with the receiver. In Figure S25 , the |S21| of the GAF low pass filter between 1 GHz to 4.5 GHz is depicted, which shows promising filtering performance.
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Figure S26  [bookmark: _Ref79686570]Surface current distribution of the UWB antenna at 6 GHz, 10 GHz, 20 GHz and 40 GHz
We carried out simulated surface current distribution of the UWB antenna at 6 GHz, 10 GHz, 20 GHz, and 40 GHz to provide insights into the radiation characteristics, as shown in Figure S26 , this demonstrates that the GAF UWB antenna is working in its fundamental resonance mode at low frequency band and higher resonance mode at high frequency band.
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Figure S27  [bookmark: _Ref79686607]The digital photo of GAF millimeter wave antenna array
The GAF millimeter wave antenna array with the geometrical dimensions of 135 mm × 95 mm × 0.54 mm, as shown in Figure S27 . The GAF antenna array has 140 antenna elements (14 × 10) with spacing of 3/4λ.
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Figure S28  [bookmark: _Ref79686616]The measured radiation patterns of GAF millimeter wave antenna array.
Figure S28 depicts the measured E-plane and H-plane radiation patterns. The beam width and sidelobe level of E-plane and H-plane are 8.5 °, - 21.76 dB and 5.9 °, - 24.94 dB, respectively.
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Figure S29  [bookmark: _Ref79687097]The test environment of rectangular waveguide method
Figure S29 is the EMI SE's actual rectangular waveguide method test environment. The transmission and reflection coefficients of the rectangular waveguide test sample are recorded using a vector network analyzer (Keysight PNA N5247A). The EMI SE, reflectance, and transmittance of the test sample can all be calculated using the S-parameter.
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Figure S30  [bookmark: _Ref79687162]The simulated result of GAF EMI SE in rectangular waveguide
The EMI performance of GAF is simulated by rectangular waveguide method, as shown in Figure S30 . When there is no GAF, the electromagnetic wave in the rectangular waveguide passes through from port 1 to port 2 with no reflection and energy loss. On the other hand, when electromagnetic wave reach the surface of the GAF, electromagnetic waves exhibit strong shielding characteristics, and most energy reflect by the GAF, which proves GAF has excellent EMI shielding performance.
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Figure S31  [bookmark: _Ref79687344]The EMI shielding mechanism of GAF
Figure S31 illustrates the EMI shielding mechanism of GAF. The majority of the electromagnetic energy is reflected back by the GAF's surface, and only a small portion of the electromagnetic wave passes through the surface and enters the GAF's interior. GAF is a multilayer laminate structure with a certain resistance; electromagnetic energy enters the GAF and is converted into heat energy before being consumed after multiple reflections.
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Figure S32  [bookmark: _Ref79687441]The test environment of free space method
Figure S32 shows the free space method test environment of EMI SE. The two ports of the vector network analyzer (Keysight PNA N5247A, N5256AW10, N5256AW03) are connected to the horn antenna to measure the EMI SE of GAF.


Table S3 Summary of conductivity and thickness of graphene-based films and papers
	Materials
	Thickness
(mm)
	EMI SE
(dB)
	SE/t
 (dB/mm)
	Frequency 
band (GHz)
	
Reference

	Graphene based
	0.2
	63
	315
	8-12
	56

	Graphene based
	2
	25
	12.5
	8-12
	57

	Graphene based
	0.024
	24
	1000
	8-12
	58

	Graphene based
	1
	56
	56
	8-12
	59

	Graphene based
	0.025
	52
	2080
	1-18
	60

	Graphene based
	0.05
	20
	400
	5.4-59.6
	61

	Graphene based
	0.03
	26.5
	883.33
	8-12
	62

	Graphene based
	0.3
	25.2
	84
	8.2-59.6
	63

	Graphene based
	0.25
	85
	340
	8-12
	64

	Graphene based
	2
	70.37
	35.18
	8.2-12.4
	65

	Graphene based
	0.0125
	52
	4160
	12-18
	66

	Graphene based
	0.043
	48.3
	1123.25
	8.2-12.4
	67

	Graphene based
	0.12
	105
	875
	2-18
	68

	Graphene based
	0.03
	40.1
	1336.66
	12.4-18
	69

	Graphene based
	0.035
	27.4
	782.85
	8.2-12.4
	70

	Graphene based
	2.5
	27.6
	11.04
	8-12
	71

	Graphene based
	5
	47.8
	9.56
	8-18
	72

	Graphene based
	5
	40
	8
	8-18
	73

	Graphene based
	0.05
	60
	1200
	8-12
	74

	Graphene based
	0.3
	24
	80
	8.2-12.4
	75

	Graphene based
	0.8
	21
	26.25
	8-12
	76

	Graphene based
	0.8
	70
	87.5
	8-12
	77

	Graphene based
	1.6
	36
	22.5
	8.2-12.4
	78

	Graphene based
	1.6
	91.9
	57.43
	8-12
	79

	Graphene based
	1
	20
	20
	8-12
	80

	Graphene based
	1
	38
	38
	0.5-4
	81

	Graphene based
	2.3
	12.8
	5.56
	8-12
	82

	Graphene based
	2.5
	18
	7.2
	8-12
	83

	Graphene based
	2.5
	23
	9.2
	8-12
	84

	Graphene based
	2.5
	29
	11.6
	8.2-12.4
	85

	Graphene based
	2.5
	45.1
	18.04
	8.2-12.4
	86

	Graphene based
	2
	54.2
	27.1
	8-12
	87

	Graphene based
	0.6
	34
	56.66
	100-800
	88

	Graphene based
	0.37
	72.1
	194.86
	100-1000
	89

	Graphene based
	0.033
	60
	1818.18
	200-2000
	90

	MXene based
	0.06
	59
	983.33
	8-12
	91

	MXene based
	0.35
	80
	228.57
	8-12
	92

	MXene based
	0.009
	27
	3000
	2-18
	93

	MXene based
	0.045
	92
	2044.44
	8.2-12.4
	49

	MXene based
	0.06
	70
	1166.66
	8.2-12.4
	50

	MXene based
	0.047
	22
	468.08
	8.2-12.4
	94

	MXene based
	2
	50
	25
	8.2-12.4
	95

	MXene based
	0.04
	116
	2900
	8.2-12.4
	96

	Other carbon based
	2
	52.4
	26.2
	8-12
	97

	Other carbon based
	4
	90
	22.5
	8-12
	98

	Other carbon based
	0.35
	34
	97.14
	8-12
	99

	Other carbon based
	0.36
	106
	294.44
	8-12
	100

	Other carbon based
	2
	40.1
	20.05
	8-12
	101

	Other carbon based
	1
	67.3
	67.3
	8.2-12.4
	102

	Other carbon based
	3.1
	130
	41.93
	1-2
	103

	Other carbon based
	0.8
	24
	30
	8.2-12.4
	104

	Other carbon based
	1.8
	54.8
	30.44
	8-12
	105

	Other carbon based
	0.03
	34.9
	1163.33
	8.2-12.4
	106

	This work
	0.015
	104.5
	6966.66
	2.6-325
	/

	This work
	0.05
	127.3
	2546
	2.6-325
	/
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Figure S33  [bookmark: _Ref79687834]The structure of GAF miniaturized FSS
Figure S33 shows the structure of GAF miniaturized FSS that works at 3.5 GHz. The dimension of the FSS periodic element is 16mm×16mm, which is only 0.18λ (λ is the wavelength in free space at 3.5 GHz).


[image: ]
Figure S34  [bookmark: _Ref80112513]The GAF FSS frequency response of different parameter values
Figure S34 show the design and optimization process, and the frequency response of different parameter values to GAF FSS. The optimized parameter values are shown in Table S4.


Table S4 The optimized parameter values of GAF FSS.
	Parameter
	Value (mm)
	Parameter
	Value (mm)

	a
	2.7
	b
	5

	c
	6.8
	w
	0.5

	T
	16
	t
	0.015

	h
	0.06
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Figure S35  The digital photo of GAF FSS
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Figure S36  [bookmark: _Ref79688093]The bending line structure of FSS 
[bookmark: OLE_LINK10]The miniaturization of FSS is realized through the bending line structure. Moreover, due to the presence of the bending line, the edge of the periodic element structure has a strong parasitic capacitance, which can further miniaturize the FSS, as shown in Figure S36 . In addition, strong parasitic capacitance can improve the angular stability of FSS. 


[image: ]
Figure S37  [bookmark: _Ref79688188]The equivalent circuit diagram of GAF FSS element
Figure S37 illustrates the equivalent circuit diagram of GAF FSS element. The patch-type FSS periodic element is equivalent to a series circuit of resistance (R), inductance (L) and capacitance (C), where L and C represent the resonant frequency information, and R represents the Q value of the periodic element. The RLC values are extracted by using optimization algorithm to adjust the circuit calculated results in ADS software to match the EM simulated results of CST software. The optimized RLC values of periodic element are L=20.91nH, C=0.1003pF, and R=9.05 ohms, respectively.
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Figure S38  [bookmark: _Ref79688233]The simulated and calculated transmission coefficient results of GAF FSS
Figure S38 is the transmission coefficient results of the periodic element, which calculated the equivalent circuit by ADS software and simulated the actual model by CST software. The FSS resonates at 3.5 GHz, and the calculated results are consistent with the simulation results. The E-field distribution can further analyze the working mechanism of FSS.
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Figure S39  [bookmark: _Ref79688329]The measured transmission coefficient and shielding efficiency of GAF FSS under 3.38 - 3.91 GHz
The measured transmission coefficient and shielding efficiency of GAF FSS under normal incidence of electromagnetic wave is shown in the Figure S39 . In the 3.38 - 3.91 GHz frequency band, the transmission coefficient of GAF FSS is less than -10 dB, which means that FSS can shield more than 90% of electromagnetic waves. In particular, GAF FSS can shield 99.4% of electromagnetic waves at 3.5 GHz. Outside of this frequency band, electromagnetic waves can pass GAF FSS in a large proportion, proving that GAF FSS has good frequency selection characteristics.
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Figure S40  [bookmark: _Ref79688540]The GAF FSS measurement environment in microwave anechoic chamber
The performances of GAF FSS were measured in the microwave anechoic chamber to avoid the influence of external electromagnetic wave, as shown in Figure S40 . The two horn antennas were placed in opposite directions. The vector network analyzer (Keysight PNA N5247A) records the reflection coefficient and transmission coefficient of the two antennas to calculate the frequency response of the GAF FSS. Firstly, the transmission coefficient of the two horn antennas without FSS was measured. The GAF FSS was then placed between the two horn antennas, and the transmission coefficient was measured again. Subtracting two results was the corresponding transmission coefficient for GAF FSS.
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Figure S41  [bookmark: _Ref79688709]The structure of GAF millimeter wave FSS
Figure S41 show the structure of low profile and ultra-wideband flexible millimeter wave FSS with the thickness of 0.138λ. The parameter dimensions of FSS element are a=2.26 mm, b =0.5 mm and c =3 mm.
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Figure S42  The digital photo of GAF millimeter wave FSS
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Figure S43  [bookmark: _Ref79688842]The simulated transmission coefficient results of GAF FSS 
Figure S43 illustrates the simulated transmission coefficient of GAF FSS. GAF FSS covers a wide -10 dB bandwidth of 8.16 GHz between 55.76 GHz and 63.92 GHz.
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Figure S44  [bookmark: _Ref79688902]Surface current distribution of GAF FSS at 60 GHz 
Figure S44 is the surface current distribution of the GAF millimeter wave FSS at 60 GHz. It can be clearly seen that the FSS resonates at 60 GHz and generates a strong induced current, which shows that the GAF FSS generates a strong induced current and hinders the passage of electromagnetic waves at 60 GHz.
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Figure S45  [bookmark: _Ref79688925]Transmission coefficient and shielding efficiency of GAF FSS in 50-65 GHz
Figure S45 shows the measured transmission coefficient and shielding efficiency of GAF millimeter wave FSS under normal incidence of electromagnetic wave. The GAF FSS can shield 99.9% of electromagnetic waves at 60 GHz.
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Figure S46  [bookmark: _Ref79688959]Preparation diagram of GAF WCE
Patterned GAF ECE reported in this study are cut by a LPKF laser engraver machine with processing resolution in micrometre scale. Figure S46 (a) shows the fabrication process of GAF WCE. The GAF were combined with dielectric substrate (FR-4, Silica gel film, Rogers 5880, PET) to form GAF PCB. The carving patch of the device dimensions output by the simulation software are calculated using LPKF CircuitPro PL 2.0 to adapt the laser engraving machine. Laser engraving machine (LPKF Laser & Electronics ProtoLaser S) fabricated the GAF WCE in one step refer to the calculated laser path (Figure S46 (b)). LPKF laser engraver machine with high cutting precision (Figure S46 (c)) is used to manufacture the GAF WCE. 
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Figure S47  [bookmark: _Ref79688991]The schematic diagram of dipole antennas gain test 
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Due to the limitation of experimental equipment, the method of measuring the gain of the dipole antenna is to place two dipole antennas with the same structure and size in the microwave anechoic chamber, one of which acts as radiating antenna and the other as a receiving antenna. As shown in Figure S47 , the distance of two antennas is r. The transmission coefficient (|S21|) of the two antennas is measured using two ports of the vector network analyzer. Then, the gain can be calculated by the |S21|. Before measurement, calibration is required to compensate the loss of the coaxial connection and the adapter before using the PNA. Hence, the PNA is calibrated with the 85058B calibration of Keysight. 
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