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S1 Experimental Part Related
S1.1 Experimental Section
Characterization
A rotational rheometer (AR2000ex, TA Instruments, USA) was used to evaluate the rheological properties of PLA melts in small amplitude oscillation mode as a function of angular frequency (0.0625-625 rad·s-1) and fixed strain (1%) and gap (1.0 mm). Synchrotron small-angle X-ray scattering (SAXS) experiments were conducted at the BL16B1 beamline in the Shanghai Synchrotron Radiation Facility (SSRF) to investigate the structural changes of samples with different volume flow rates. The X-ray wavelength used was 0.124 nm, with sample-to-detector distances set at 2289 mm for SAXS measurements. Two-dimensional (2D) SAXS patterns were recorded in transmission mode with exposure times of 5 s.
The surface morphology of the materials with two different printing orientations was measured using a field emission scanning electron microscope (SEM) (SU8020, Hitachi, Japan) with an accelerating voltage of 20 kV. The orientation of GNs in the printed parts in different printing modes with a size of 10×10×1 mm3 was investigated using an x-ray diffractometer (XRD, Bruker, Germany). The scanning angle (2θ) ranged from 10° to 60° and the scanning rate was set to 5°·min-1.
[bookmark: _Hlk164958557]The electrical conductivity of the samples was assessed by measuring their volume resistance using a multifunctional digital multimeter (B41T+, Fujian Liliupu Optoelectronics Technology Co., Ltd., China). The intensity of the specific civilian electromagnetic pulse signal simulated by the mobile phone software was measured using a spectrum analyzer (SA6, Shenzhen Guoshang Technology Co., Ltd., China). The EMI SE characteristics of PLA@GNs nanocomposite samples with a diameter of 13.0 mm and different thicknesses printed in two different modes were recorded at 8.2-12.4 GHz and 2.0-6.0 GHz respectively using a vector network analyzer (Agilent N5230, USA). The electromagnetic parameters (SEtotal, SEA, SER) and EMWs transmittance were calculated based on the factors (S11, S12, S22, S21), and the shielding parameters were all in accordance with the following equations [S1, S2]:
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where,  is the reflection coefficient, T is the transmission coefficient, A is the absorption coefficient, SEA is the absorption of electromagnetic waves, SER is the reflection of electromagnetic waves, SEtotal (or EMI SE) is the total shielding property of sample, and SEm is the multiple internal reflection of electromagnetic waves. f represents frequency;  and  represents electrical conductivity and permeability, respectively. Noticeably, SEtotal > 10 dB, SEm could be neglected [S3].
The thermal conductivity (TC) and thermal diffusivity (TD) of the samples with square structure (20 × 20 × 2 mm3) printed in different modes were tested using a thermal analyzer (Hot Disk 2500-OT, Sweden) and a laser scintillator (LFA467, NEXTZSCH, Germany). The samples with dimensions of 20 × 20 × 2 mm3 were placed on a heated platform with the platform temperature set to 100 °C at this constant temperature, and then quickly moved to a cold steel plate and cooled naturally in the air. An infrared thermal camera (FLIRONE Pro, FLIR, USA) was placed above it for real-time temperature measurement of the materials.
S1.2 Finite Element Simulation
[bookmark: OLE_LINK51]Computational fluid dynamics (CFD) of PLA melts during FDM 3D printing were conducted by using ANSYS POLYFLOW software with an ICEM module for meshing the structure of 3D printing liquefier channel. The key equations including the continuity equation, the momentum equation, and the constitutive equation, are presented here for the Cartesian coordinate system [S4].
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[bookmark: _Hlk167874926]In these equations,  represents the velocity vector,  is the pressure,  is the stress tensor associated with the viscous fluid,  stands for the apparent viscosity,  is the shear rate, and  is the tensor for deformation. The Brid-Carrera viscosity model for polymer PLA melt materials, taking into account the effects of temperature, shear rate, and pressure on the flow characteristics, can be described as follows [S5, S6]:
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[bookmark: _Hlk167874817]where,  is the infinite-shear viscosity (general infinite-shear viscosity is equal to 0),  is the zero-shear viscosity, λ is the relaxation time, The Brid-Carrear viscosity model a is the shift factor of 2,  is the power-law index. A rotational rheometer was used to investigate the rheological behavior of the melt under different oscillatory strain scanning modes, and the flow parameters of the PLA melt were fitted. The boundary conditions of the melt in the flow channel simulation are assumed as follows: (1) constant volumetric flow from the inlet to the outlet boundary; (2) at the planes, a zero traction was assumed; and (3) at the wall, the slip velocity is set as 106 and , respectively.
[bookmark: _Hlk167873923]Nevertheless, it is a verifiable fact that wall slip and viscous dissipation under channel scale conditions interact with each other and ultimately affect the flow characteristics of the fluid in the microfluidic channel [S7]. The Navier model, based on the adsorption-desorption mechanism and incorporating the generalized Navier's law, has been widely used in the microspray melt flow problem, as follows [S8]:
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[bookmark: _Hlk167874624]where,  is the shear stress of the melt at the wall;  is the slip factor;  is the tangential velocity at the wall;  is the velocity of the melt at the wall; e is the material parameter, which is usually taken to be the melt power-law index. Since the nozzle is usually stationary in the direction of the melt flow rate during extrusion, i.e., , equation (12) is rewritten as [S9]:
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[bookmark: _Hlk167874370]it should be noted that a slip factor of k indicates a greater degree of slip; when , the wall slips completely; when , the wall has no slip.
CST simulations were performed to analyze the electric field distribution within the composite materials, using a model with dimensions of 20 × 20 × 2 mm3. The dielectric constant and magnetic permeability of PLA and PLA@GNs samples were obtained by using a vector network analyzer.
Table S1 The composition of PLA@GNs samples with different filler loading.
	GNs loading
	GNs (g)
	PLA (g) 

	5 wt%
	2.5
	50

	10 wt%
	5
	

	15 wt%
	7.5
	

	20 wt%
	10
	


S2 Results & Discussion Related
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Fig. S1 3D printing nozzle and the corresponding geometrical model
[image: ]
[bookmark: _Hlk199932323]Fig. S2 Mesh of 3D printing liquefier channel
[bookmark: OLE_LINK11][bookmark: _Hlk111539650]Table S2 The simulation parameters used for boundary slip behaviors
	Simulation parameters 
	Set values

	Volume flow rate
	1.15 mm3·s-1
	4.60 mm3·s-1
	6.88 mm3·s-1
	9.20 mm3·s-1

	Infinite-shear viscosity
	0 Pa·s

	Zero-shear viscosity
	1861 Pa·s

	Relaxation time
	0.06 s

	Power-law index
	0.84

	Boundary Conditions
	X/Y: unit cell, Z: open

	Slip condition
	k: 106, e: 0.84
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[bookmark: _Hlk196815778]Fig. S3 Two-dimensional velocity distribution in a symmetrical profile along the liquefier channel at a specific volume flow (4.60 mm3·s-1)
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[bookmark: _Hlk196817991][bookmark: _Hlk196727894][bookmark: _Hlk195366689]Fig. S4 2D patterns of shear rate () distribution of fluids in convergence zone with different volume flow rates
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Fig. S5 2D pressure distribution of fluids in convergence zone with different volume flow rates
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[bookmark: _Hlk196817596]Fig. S6 The modified 2D shear rate distribution of fluids with different volume flow rates


[image: ]
Fig. S7 a Storage module, loss module and loss tangent vs. frequency curves of pure PLA fluids at different temperatures; b The wide-frequency master curve at a reference temperature of 190 °C by time-temperature superposition principle
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Fig. S8 a The shift factors at a reference temperature of 190 °C by time-temperature superposition principle; b The fitting viscoelastic parameters including infinite-shear-rate viscosity (), zero-shear-rate viscosity (0), relaxation time () and power-law index (n)
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[bookmark: _Hlk196819275]Fig. S9 2D synchrotron small-angle X-ray scattering (SAXS) patterns of 3D-printed PLA samples with different volume flow rates
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[bookmark: OLE_LINK9]Fig. S10 a Illustration of the 3D printing paths for shielding module; b The designed 3D printed shielding module.
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Fig. S11 Scalable manufacturing of 3D-printed PLA@GNs shielding modules with different geometric sizes
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Fig. S12 The representative stress-strain curves of pristine PLA and PLA@GNs composite with 20 wt.% GNs content
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Fig. S13 The characteristic 3D printing routes of samples with parallel or perpendicular alignments in three dimensional coordinates
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[bookmark: _Hlk196820406][bookmark: _Hlk196820505][bookmark: _Hlk196820479]Fig. S14 The anisotropic electrical conductivity of samples parallel to the ordered structure (//), and perpendicular to the ordered structure ()
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Fig. S15 Electromagnetic parameters (SET, SEA, and SER) of samples with the ordered structure parallel to incident EMWs
Table S3 Comparison on the shielding performance contributed by 3D-printed PLA@GNs sample and other previously reported GNs-based materials fabricated by traditional manufacturing techniques.
	Composites
	Manufacturing
	EMI SE (dB)
	Filler content (wt.%)
	Refs.

	PU/GNs
	Polymer-infiltrated technique strategy
	29.2
	50
	[S10]

	PU/GNs
	Polymer-infiltrated technique strategy
	23.6
	40
	[S10]

	PU/GNs
	Polymer-infiltrated technique strategy
	17.6
	30
	[S10]

	[bookmark: _Hlk199169440][bookmark: _Hlk199169465]PMMA/Ni@GNs
	Solution blending
	38
	40
	[S11]

	Silicone rubber/GNs
	Compression molding
	21.75
	7.29
	[S12]

	[bookmark: _Hlk199171607]PI/GNs
	Nonsolvent induced phase separation
	21
	16
	[S13]

	[bookmark: _Hlk199172517]PS/GNs
	Melt processing-hot pressing
	16
	35
	[S14]

	[bookmark: _Hlk199172847]HDPE/GNs
	Hot compression molding
	33
	30
	[S15]

	PDMS/GNs
	 Vacuum impregnation
	38
	4.76
	[S16]

	[bookmark: OLE_LINK38]POE/GNs
	FDM 3D printing
	35
	23
	[S17]

	POM/GNs
	Compression molding
	44.7
	48
	[S18]

	Epoxy/BaM/GNs
	Solvent-free resin blending
	17.2
	10
	[S19]

	PLA@GNs
	FDM 3D printing
	41.2
	20
	This work


(GNs: graphene nanosheets, PU: polyurethane, PMMA: methyl methacrylate, Ni: nickel, CNF: cellulose nanofiber, PI: polyimide, PS: polystyrene, HDPE: high-density polyethylene, PDMS: polydimethylsiloxane, POE: polyolefin elastomer, POM: polyoxymethylene, BaM: barium hexaferrite.)
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[bookmark: _Hlk199004872]Fig. S16 The as-manufactured EMWs signal detection system
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Fig. S17 Mesh of 3D-printed module for electromagnetic simulation
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