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Abstract20

Carbon materials have significant scientific and application potential in the terahertz21

field. Metasurfaces are considered the core components of next-generation of22

terahertz photonic systems. The introduction of advanced carbon-based fabrication23

techniques operating with high efficiency and low complexity is essential for the24

development of terahertz metasurface photonic devices. In this study, we demonstrate25

a carbon-based manufacturing approach. This relies on a dual-mode additive26

manufacturing technique and can be used to directly print subwavelength resonant27

structures on flexible substrates. We demonstrate the preparation method and28

properties of different carbon nanocomposite inks. In addition, we present printing29

parameter configurations and printing results. To demonstrate their effectiveness, two30

carbon-based metasurface terahertz absorbers and a terahertz filter are designed and31

fabricated. The resonant structures are printed directly onto different flexible32

substrates using different printing modes. A fibre-based terahertz spectroscopy system33

is built to test the samples. The test results meet the expectations and are consistent34

with the simulations. By enabling the low complexity of carbon-based additive35

manufacturing and offering flexibility in flexible substrate choice and36

resonant-pattern design, the approach could facilitate terahertz metasurface37

technologies for real-world applications.38

39
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Introduction45

Terahertz (THz) is an electromagnetic wave with a frequency of 0.1 THz ~ 10 THz,46

a region historically referred to as “terahertz gap” in the electromagnetic spectrum.47

THz waves offer attractive properties including strong penetration, large bandwidth,48

high speed, and biological safety; however, naturally occurring materials capable of49

effective THz control remain scarce. The emergence of metasurfaces1 provides a50

promising solution to this challenge. Metasurfaces can be regarded as a branch of51

metamaterial technology that enables artificial manipulation of incident52

electromagnetic waves through two-dimensional arrays of subwavelength resonant53

structures. They can achieve magical functions such as wave absorption2-4, focusing5,54

phase modulation6, and polarisation conversion7.55

Carbon-based materials possess unique electrical, optical, thermal, and mechanical56

properties, making them ideal candidates for next-generation flexible optoelectronic57

devices8. These materials primarily include carbon black (CB)9, carbon nanotubes58

(CNTs)10, graphene11, and their derivatives such as graphene oxide (GO)12, which59

have potential applications in semiconductors, flexible circuits, sensors, and other60

fields13-15. By combining carbon-based nanomaterials with metasurfaces, we can make61

full use of their advantages to realise the innovation of both materials and structures to62

comprehensively surpass devices made of natural materials and lay the foundation for63

the next-generation flexible optoelectronic devices.64

However, the unit size of a THz metasurface is in the subwavelength scale, which65

imposes strict requirements on the manufacturing process. Traditional techniques,66

such as photolithography, coating, and etching, can meet precision requirements but67

are limited by time constraints, complex processes, and high costs. By contrast, 3D68

direct-write printing in additive manufacturing technology offers a low-cost and69

low-complexity fabrication solution. This enables patterning on rigid substrates (e.g.70

silicon wafers and glass) and flexible materials (e.g. PET, PI, and paper)16-20,71
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providing high compatibility with both substrates and inks. This flexibility makes it72

highly promising for THz flexible metasurface fabrication, and considerable research73

has validated the application potential of this technology in the field21-23. Inkjet74

printing is the basic mode of 3D direct-write printing. By applying pressure to the ink,75

a jet with a diameter comparable to the inner diameter of the nozzle was formed,76

enabling patterning on the substrate. This mode is simple and fast; however, the77

printing resolution is often limited by the inner diameter of the nozzle.78

Electrohydrodynamic jet (E-jet) printing can be adopted to achieve higher precision.79

E-jet printing24 is a microdroplet spray-deposition moulding technology based on80

electrohydrodynamic principles. It uses an electric field between the nozzle and81

substrate to drive and “pull” the ink, generating a Taylor cone at the nozzle tip that is82

significantly smaller than the nozzle diameter25, enabling the printing of higher83

resolution structure lines.84

In this study, we propose a simple and highly efficient carbon-based additive85

manufacturing approach for flexible THz metasurfaces by combining inkjet and E-jet86

printing with carbon-based nanomaterial inks. This not only enables the preparation of87

complex resonant structures using direct-write printing, but also allows the use of88

different inks to adjust the characteristics of the cell structure, thereby facilitating a89

more flexible design of THz metasurfaces. Herein, we present the preparation90

methods and properties of three different carbon-based inks: carbon black-based (CB),91

graphene-based, and GO-based (graphene oxide-based). Moreover, we designed two92

metasurface THz absorbers and a filter operating in different frequency bands. The93

resonant structures were printed using graphene-, GO-based-, and CB-based inks.94

They offer great flexibility in choosing substrate materials such as paper and95

polyethylene terephthalate (PET). As a common flexible material, paper is96

eco-friendly and low-cost, whereas PET is resistant to moisture and corrosion and97

highly transparent. Next, two printing modes were used (inkjet printing and E-jet98

printing) to prepare the metasurfaces. The inkjet mode is simple, fast, and does not99
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require the application of a high-voltage electric field to protect the material properties,100

whereas the E-jet printing mode requires the application of a high-voltage electric101

field, which has higher accuracy and can be used for materials that can resist high102

voltages. The fabrication scheme enables high-efficiency dual-mode additive103

manufacturing, while offering flexibility in the substrate choice and resonance-pattern104

design.105

Results and Discussion106

Carbon-based additive manufacturing107

Fig. 1 shows a carbon-based additive manufacturing method for flexible THz108

metasurfaces. The main process is shown in Fig. 1a and includes the following steps:109

(1) preparation of the carbon-based ink, (2) property testing, (3) simulation and110

optimisation of the metasurfaces, and (4) direct write printing. In the first step, various111

carbon-based inks are prepared using different carbon nanomaterials (such as carbon112

black, graphene, and graphene oxide), as shown in Fig. 1b. Among them, carbon113

black not only exhibits low resistivity, but is also cost-effective and easy to obtain,114

making it an excellent conductive material. Graphene, renowned for its ultrahigh115

electrical and thermal conductivities, is widely used in flexible and tunable devices.116

Graphene oxide, a derivative of graphene, can be reduced to reduced graphene oxide117

(rGO) under electrical or thermal stimulation, achieving an increase in electrical118

conductivity of one to three orders of magnitude26. This property makes graphene119

oxide suitable for preparing tunable metasurfaces. Then, the carbon-based inks were120

obtained by mixing the raw material, diluent, and binder, and then loaded into a121

syringe, as shown in Fig. 1c and Fig. 1d. Next, a dual-mode printing system,122

illustrated in Fig. 1e, was employed for direct writing of the metasurfaces. As shown123

in Fig. 1f, the printing head achieved high-precision printing by forming a jet at the124

nozzle tip. Fig. 1g and 1h show examples of THz metasurface devices printed using125

this method.126
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127

Figure 1. a, Flowchart of the carbon-based additive manufacturing method. b, Carbon-based128

materials: carbon black, graphene, graphene oxide. c, Carbon-based ink preparation process. d,129

Schematic of syringe. e, Schematic of dual-mode printing system. f, Schematic of 3D direct-write130

printing. g, Structures of the metasurface absorbers. h, Structure of the metasurface filter.131

To explore the effect of the doping ratio on the resistivity of the carbon-based132

metamaterials, samples were prepared by controlling the concentration of the133

carbon-based materials, and the electrical properties of each group of samples were134

tested. Fig. 2a illustrates the preparation of the carbon-based ink. Fig. 2b, 2c, and 2d135

show the block-shaped specimens (30 mm × 8 mm × 0.01 mm). Fig. 2e, 2f, and 2 g136

show the sheet resistances of the samples with varying weight percentages of carbon137

nanomaterial powders. (See details in S1: Preparation of carbon-based ink). As can be138

seen from Fig. 2e, the sheet resistance decreases with increasing carbon black content,139
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from approximately 40 Ω·sq-1 at 18% to 12.75Ω·sq-1 at 35%. Fig. 2f illustrates a140

decrease in sheet resistance with the addition of graphene, dropping from 362.1 Ω·sq-1141

at 1% to 47.35 Ω·sq-1 at 5%. It should be noted that graphene oxide differs from142

carbon black and graphene that it exhibits insulating properties at room temperature.143

To adjust the initial sheet resistance of the GO-based ink, carbon black powder was144

added to the formulation. Consequently, the sheet resistance of the GO-based ink145

increases with the weight percentage of graphene oxide, as shown in Fig. 2g. The146

prepared ink was loaded into a syringe and matched with a flat-bladed stainless-steel147

needle for subsequent printing.148

149

Figure 2. a, Preparation process of carbon-based ink. b, Photograph of CB-based ink. c,150

Photograph of graphene-based ink. d, Photograph of GO-based ink. Sheet resistances for different151

weight percentages of carbon-based powder in inks: e, CB-based ink; f, Graphene-based ink; g,152

GO-based ink.153
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Design and testing of printing system154

155

Figure 3. a, Schematic of inkjet printing. b, Schematic of E-jet printing. c, Schematic of the 3D156

printing system.157

The carbon-based additive manufacturing system included two printing modes:158

inkjet and E-jet printing. The inkjet mode is illustrated in Fig. 3a. Driven by a motor, a159

jet is formed and deposited on a substrate without applying an electric field. The E-jet160

mode is shown in Fig. 3b. With a high-voltage electric field, it can produce a smaller161

conical jet, and thus achieve higher precision. Fig. 3c shows the system, which mainly162

consists of a three-axis displacement platform, a dual-mode printing head, a print163

platform, and a high-voltage power supply. The printing head was responsible for164

discharging and forming high-precision printing lines. The three-axis displacement165

platform controls the printing head to realise the direct writing printing of the166

metasurface resonance pattern. A high-voltage power supply was used to generate the167

Taylor cone in E-jet mode. The dual-mode printing head is a critical component of the168

printing system and comprises a high-precision stepper motor, screw, storage syringe,169

and support frame. By controlling the rotational speed of the stepper motor, the170

upward and downward moving speeds of the slider could be controlled to achieve171
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high-precision control of the injection feeding speed during printing. According to the172

motion parameters of the stepper motor, the minimum moving speed of the plunger is173

about 0.248 μm·s-1. Moreover, the system allows printing head switching during the174

process. The detailed steps are provided in Supplementary Document S2.175

176

Figure 4. a, Schematic of inkjet mode and printing parameters. b, Printed line width relation to177

the nozzle size (inner diameter). c, Printed line width relation to the feeding rate. d, Printed line178

width relation to the nozzle moving speed. e, Five printing effects under different printing179

parameters.180

When using the inkjet mode, the motor squeezes the ink inside the syringe and181
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deposits it onto the substrate, forming a patterned structure according to the path182

planning of the G-code slicing file. Inkjets are the basic mode of carbon-based183

printing. In this mode, the main determinants of the linewidth are the inner diameter184

of the nozzle, feeding rate, and nozzle moving speed. As shown in Fig. 4a, we focused185

on three adjustable printing parameters. The variable control method was adopted to186

analyse one printing parameter while keeping the other process parameters unchanged.187

When adjusting the nozzle size, the feed speed is fixed at 0.992 μm·s-1 and the188

printing speed is set at 20 mm·s-1. Fig. 4b illustrates the influence of the nozzle size on189

the printed line width, revealing a direct proportionality between the line width and190

the inner diameter of the nozzle. When changing the feeding rate, the nozzle size to191

0.21 mm and the printing speed was set to 20 mm·s-1. Fig. 4c shows the effects of192

different feeding rates on the printed line width, indicating that the line width is193

directly proportional to the feeding rate. When adjusting the printing speed, set the194

nozzle size to 0.21 mm and the feeding rate to 0.992 μm·s-1. Fig. 4d demonstrates that195

the linewidth decreases as the moving speed increases, reflecting an inverse196

proportionality. The results of inkjet printing under different conditions and printed197

lines are shown in Fig. 4e.198

When using the E-jet mode, a high-voltage power supply that can provide a199

voltage of 0–30 kV should be added. The positive terminal of the power supply was200

directly connected to the stainless-steel nozzle, whereas the printing platform was201

grounded. This setup established an electric field between the nozzle and substrate,202

energising the droplets at the nozzle to generate induced charges and become a Taylor203

cone 27. By gradually increasing the voltage, the forces at the tip of the Taylor cone204

became unbalanced and formed a conical jet. According to Gañán-Calvo et al.28, the205

diameter of the jet diameter is directly proportional to the fluid flow rate. Therefore,206

the diameter of the jet was proportional to the feeding rate and inversely proportional207

to the nozzle speed. According to the proportionality proposed by Choi et al.29, the208

diameter of the conical jet, d, can be expressed as209
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0

Ndd
E




 (1)210

where γ is the surface tension of air-ink interface, ε0 is the permittivity of free space,211

dN is the diameter of the nozzle, and E is the electric field strength.212

213

Figure 5. a, Schematic of E-jet mode and printing parameters. b, Printed line width relation to the214

feeding rate. c, Printed line width relation to the applied voltage. d, Printed line width relation to215

the nozzle moving speed. e, Five printing effects under different printing parameters.216

Accordingly, conical jets of different sizes can be obtained by optimising the217
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printing parameters such as the applied voltage, feeding rate, ink properties, needle218

size, and moving speed. In this study, we focused on three key printing parameters:219

the feeding rate, applied voltage, and nozzle moving speed, as shown in Fig. 5a.220

Because the printing distance directly affects the electric field force on the Taylor221

cone liquid surface, the distance between the tip nozzle and grounding substrate was222

fixed at 0.3 mm. A 27G stainless-steel nozzle (nozzle length: 13 mm, inner diameter:223

0.21 mm) was applied to the printing head of the system. The effects of E-jet printing224

were tested under different conditions, and the printed lines were characterised. Fig.225

5b illustrates the influence of the feeding rate on the printed line width, revealing a226

direct proportionality between the linewidth and feeding rate. Fig. 5c shows the227

effects of different voltages on the printed line width, indicating that the line width228

decreased as the voltage increased, reflecting inverse proportionality. Fig. 5d shows229

that the linewidth was inversely proportional to the moving speed. The five results of230

E-jet printing under different conditions and printed lines are shown in Fig. 5e. The231

minimum characteristic line width is 55.1 μm under the conditions of 2.8 kV voltage232

and 20 mm·s-1 moving speed and 0.248 μm·s-1 feeding rate.233

The viscosities of the inks with different formulations also varied. Therefore,234

before printing metasurface structures, it is necessary to conduct printing parameter235

studies for each ink type. The detailed method for determining the printing parameters236

is provided in Supplementary document S3.237

Design of carbon-based metasurfaces238

To validate the feasibility of this method, two carbon-based flexible239

THz-metasurface absorbers and a THz-metasurface filter were designed, simulated,240

and fabricated. To verify the flexibility of the substrates, two flexible substrates (paper241

and PET) were selected. Among them, the paper-based metasurface absorber has242

smaller unit structure, corresponding to the high frequency band (1.09 THz ~ 1.23243

THz); the PET-substrate metasurface absorber has larger unit structure, corresponding244
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to the low frequency band (0.30 THz ~ 0.38 THz); the metasurface filter based on245

PET substrate works near 0.8 THz.246

247

Figure 6. a, Schematic of the periodic cell array and the key dimensional parameters of the unit248

cell structure. b, Size diagram of the paper-based metasurface absorber unit. c, Simulated result of249

the paper-based metasurface absorber.250

The structure of a paper-based metasurface absorber is shown in Fig. 6a. It251

comprises three layers: a resonant structural layer, dielectric layer, and ground layer.252

The top layer serves as a resonant structure composed of a carbon-based ink that253

enables electromagnetic wave absorption. The specific structural parameters are254

shown in Fig. 6b. The second layer consisted of paper that functioned as the dielectric255

layer. The third layer was a conductive copper layer, which acted as the ground layer256

for the metasurface absorber. In the following section, we describe how absorption is257

achieved in detail. The commercial electromagnetic simulation software CST 2016258

was used for this simulation. In the simulation process, the boundary conditions were259

set to the unit cell in the x and y directions and open (add space) in the z direction260

based on the Floquet mode. A tetrahedral meshing and frequency-domain solver based261

on the finite element method were used for the simulation. The background material is262

set to air and its dielectric constant is set to 1; the sheet resistance of the structural263

layer material is set to 50 Ω·sq-1; the dielectric constant of paper is set to 2.31.264
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Considering that the size of the metasurface unit is much smaller than the265

wavelength, it can be regarded as an equivalent medium with complex dielectric266

constant ε and complex permeability µ. When the metal resonant layer strongly267

couples with the electric and magnetic fields, the equivalent impedance of the whole268

metasurface Z = (µ/ε)1/2 is matched with the free space to minimise its reflectivity. The269

reflection and transmission of the metasurface can be realised by simulating the270

complex frequency-related S-parameters (S11 and S21), and the absorptivity can then271

be calculated as272

2 2
11 211 1A R T S S      (2)273

Accordingly, the absorption of the metasurface was calculated and the results are274

shown in Fig. 6c. It achieves more than 90% absorption in the range of 1.09 THz ~275

1.23 THz. To further analyse the absorption mechanism of the proposed metasurface,276

we simulated the electric field distribution at two key frequencies: 1.123 THz and277

1.215 THz. Different colours represent the strength of the electric fields, with red278

representing strong fields and blue representing weak fields. At 1.123 THz, the279

electric field was primarily concentrated within the square rings and at the280

interconnection junctions between adjacent arms, indicating the generation of strong281

electrical resonances at these locations. Simultaneously, both the carbon-based282

resonant layer and ground layer generate induced currents, which are parallel and283

opposite in direction, forming magnetic moments that lead to the generation of284

magnetic resonance. When the magnetic resonance reaches its maximum intensity, the285

energy of the THz wave is significantly reduced. The metasurface absorber achieves286

high absorption efficiency through the combined effects of electrical and magnetic287

resonances. At 1.215 THz, the electric field is mainly distributed between adjacent288

square rings, resulting in strong absorption of THz waves. Superimposition of the two289

absorption peaks resulted in broadband absorption.290
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291

Figure 7. a, Schematic of the periodic cell array and the key dimensional parameters of the unit292

cell structure. b, Size diagram of the PET-based metasurface absorber unit. c, Simulated result of293

the PET-based metasurface absorber.294

The PET-substrate metasurface absorber was designed following the same295

methodology, and the specific structure and size diagram are shown in Fig. 7a and 7b.296

The main differences with the paper-based metasurface absorber are: (1) The inner297

edge of the square ring is a circle; (2) the dielectric layer is changed to PET (ε = 3.2);298

(3) the ground layer is changed to ITO (indium tin oxide) with a sheet resistance of 25299

Ω·sq-1; (4) the sheet resistance of the resonant layer material is set to 150 Ω·sq-1. Fig.300

7c presents the simulated results of the PET-based metasurface absorber, showing that301

more than 90% of the absorption was achieved at 0.295 THz ~ 0.390 THz. Theoretical302

analysis indicated that the absorption mechanism was a resonance within the square303

rings.304

In addition, we designed a metasurface filter with a centre frequency of 0.8 THz.305

The structure of the filter is shown in Fig. 8a and consists of a grid pattern formed by306

perpendicularly crossed lines on the PET substrate. The specific structural parameters307

are shown in Fig. 8b. The background material is set to air with a dielectric constant308

of 1; the sheet resistance of the structural layer is set to 3 Ω·sq-1; and the dielectric309

constant of PET is set to 3.2. The optimised simulation results are presented in Fig. 8c.310

The results indicated that the transmission exceeded 90% at 0.748 THz ~ 0.848 THz311
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and reached a peak of 93.1% at 0.8 THz. An analysis of the electric field distribution312

of the filter at 0.8 THz, it shows that strong electric fields were primarily concentrated313

along the inner edges of the grid cells, indicating that the transmission was caused by314

resonance within the grid cells.315

316

Figure 8. a, Schematic of the periodic cell array and the key dimensional parameters of the unit317

cell structure. b, Size diagram of the metasurface filter unit. c, Simulated transmission and electric318

field distribution.319

Fabrication, measurement and discussion of carbon-based metasurfaces320

Following this design, metasurfaces were fabricated using carbon-based 3D321

printing technology. The relevant printing parameters are presented in Table S6 of322

supplementary document S4. For the paper-based metasurface absorber,323

graphene-based ink with a sheet resistance of 47.35 Ω·sq-1 was selected. Fig. 9a, 9b,324

and 9c present a macroscopic photograph, micrograph, and bending-state picture of325

the paper-based metasurface, respectively. The sample has an area of 15 mm × 15 mm326

and a thickness of 213.5 μm. For the PET-based metasurface absorber, GO-based ink327

exhibiting a sheet resistance of 149.2 Ω·sq-1 was selected. Fig. 9d, 9e, and 9f present328

the corresponding macroscopic photographs, micrographs, and bending-state images,329

respectively. The samples had an area of 20 mm × 20 mm and a thickness of 128.2330

μm.331
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332

Figure 9. Photographs of the paper-based metasurface absorber: a, Macroscopic photograph; b,333

Micrograph of structure; c, Bending state picture. Photographs of the PET-based metasurface334

absorber: d, Macroscopic photograph; e,Micrograph of structure; f, Bending state picture.335

336

The E-jet mode is used to fabricate the metasurface filter with CB-based ink337

printing on a PET film of 10 μm thick. Since the sheet resistance of the ink was set to338

3 Ω·sq-1 in the simulation, high-conductivity nano-silver paste was added in the339

CB-based ink to adjust the sheet resistance of the ink to 2.97 Ω·sq-1. The samples are340

shown in Fig. 10a, 10b, and 10c. It had an area of 15 mm × 15 mm and a thickness of341

18.4 μm.342

343

Figure 10. Photographs of metasurface filter: a, Macroscopic photograph; b, Micrograph; c,344

Bending state picture.345

Subsequently, a fibre-based THz time-domain spectroscopy system (THz-TDS)346

was constructed to measure the spectra of the samples. As illustrated in Fig. 11, the347

THz-TDS system operates in two measurement configurations: transmission and348

reflection modes. In the transmission measurement mode (Fig. 11a), the femtosecond349
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laser beam was divided into two beams. One beam, as the pump light, is incident on350

the THz antenna at the transmitting end to generate THz waves, and the other beam,351

as the detecting light, is incident on the THz antenna at the detecting end to detect352

THz pulses. The transmitting antenna radiates THz waves, which are collimated by an353

off-axis parabolic mirror. Then, the THz wave passes through the sample and is354

focused by the second off-axis parabolic mirror so that the receiving antenna receives355

THz signals. Using this system, the transmission of samples can be measured.356

The optical fibre provides flexibility to adjust the optical path; thus, the angle of357

the THz transmitter and receiver of the THz-TDS can be adjusted at will. The358

transmission measurement mode could be adjusted to the reflection measurement359

mode, as shown in Fig. 11b. The THz wave collimated by the off-axis parabolic360

mirror was reflected by the sample. The reflected light is focused by a second off-axis361

parabolic mirror to ensure that the receiving antenna receives the signal. Therefore,362

the reflection of the samples can be measured and the absorbance can be obtained. To363

ensure the reliability of the data, there are two steps to measure the absorption364

spectrum: 1) measuring the reference mirror with near 100% reflectivity (gold365

reflector) as the reference spectrum Rref, and 2) measuring the metasurface sample as366

the signal spectrum Rsam. The absorption spectrum can be calculated as:367

A ref sam

ref

R R
R


 (3)368

Fig. 11c and 11d show the absorption spectra of the paper-based and PET-based369

metasurface absorbers, respectively. Because the incident angle of the THz wave in370

the experiment was 20°, the simulated absorption presented here was at an incident371

angle of 20°. The measured results show that the paper-based absorber achieves more372

than 90% absorption at 1.12 THz ~ 1.245 THz; the PET-based absorber achieves more373

than 90% absorption at 0.295 THz ~ 0.39 THz.374
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375

Figure 11. a, Schematic of the transmission spectrum measurement. b, Schematic of the reflection376

spectrum measurement. c, Absorption spectra of the paper-based metasurface absorber. d,377

Absorption spectra of the PET-based metasurface absorber. e, Transmission spectra of the378

metasurface filter.379

The measured results for the PET-based absorber were consistent with the380

simulated results. The paper-based absorber exhibited a broader absorption bandwidth381

than the simulated results. We believe that one of the reasons for this is the error382

generated during the printing process; paper exhibits a higher roughness than PET383

owing to its fibrous structure. When paper fibres are tangled, they create voids,384

allowing inks to seep in and produce a feathering effect. This caused the resonance385

structure to become more complex, introducing more resonance absorption peaks and386

broadening the bandwidth. The roughness of the substrates was measured and the ink387
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penetration morphology was analysed, as shown in Supplementary Document S5.388

However, this effect is difficult to simulate using electromagnetic simulation software,389

leading to discrepancies between the simulation and experiment.390

The transmission of the metasurface filter was measured in the THz-TDS391

transmission mode, and the results are shown in Fig. 11e. It achieved 92.4% at 0.8392

THz. The measured results are generally consistent with the simulated results, except393

that the absorption bandwidth is broader compared to the simulation. Based on the394

analysis, we attribute this discrepancy to two reasons: 1) the thickness of the printed395

structural layer is smaller than that of the simulation, and 2) distortions at the line396

intersections due to the surface tension of the ink. Additionally, the electromagnetic397

characteristics of the three metasurfaces at different incident angles are analysed in398

S6.399

Carbon-based manufacturing offers a faster, simpler, and more cost-effective route400

for fabricating carbon-based THz metamaterials than typical semiconductor processes.401

Its low equipment investment facilitates large-scale production, and its short402

preparation cycles make it ideal for rapid iterations. Furthermore, this technology can403

achieve a performance comparable to that of existing THz-printed devices and offers404

advantages such as dual-mode, compact size, and high integration. The relevant405

content is described in detail in the supplementary document (S7).406

Conclusion407

We proposed a carbon-based manufacturing approach for flexible THz408

metasurfaces. By designing carbon nanocomposite inks and a direct-writing printing409

head driven by high-precision stepper motors, two switchable printing modes of the410

inkjet and E-jet were realised so that the subwavelength resonance pattern of411

metasurfaces could be directly printed on flexible substrates. To verify the412

effectiveness of the carbon-based manufacturing method, the preparation process of413

the carbon nanomaterial ink and the configuration of the printing parameters were414
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introduced. Furthermore, two THz metasurface absorbers and a metasurface filter415

composed of different carbon materials were designed, simulated, and fabricated on416

flexible paper and PET substrates. This paper is eco-friendly and inexpensive, and417

PET excels in tensile strength and transparency for diverse applications. The spectral418

test results for the metasurfaces were consistent with the expectations. Consequently,419

we believe that the carbon-based additive manufacturing method and flexible420

metasurfaces can serve as promising platforms for the development of advanced and421

specific devices for a wider range of THz applications, especially in fields such as422

laboratory verification and low-cost rapid manufacturing.423

Materials and Methods424

Preparation of carbon-based ink425

To prepare a high-performance printable conductive ink, terpineol and absolute426

ethanol were selected as the composite solvent systems. First, the solvents were mixed427

and stirred to form a uniform viscous phase, and then, different proportions of carbon428

nanomaterials were added. Stable nanomaterial suspensions were obtained via429

ultrasonic dispersion (760 W, 1 h). Finally, a polyester resin was added as an adhesive,430

and the viscosity of the system was dynamically adjusted using terpineol. (See details431

in S1: Preparation of carbon-based ink).432

Sample fabrication433

The preliminarily mixed carbon-based ink was further processed by ice-bath434

ultrasonication combined with mechanical stirring for one hour. After that, the435

resulting inks were moulded into 30 mm×8 mm×0.01 mm block samples and sintered436

at 120 ℃ for 15 min (supplementary document S8) as shown in Fig. 2b, 2c, and 2d.437

Finally, a four-point probe resistance meter was used to measure the sheet resistances438

of the samples.439

Sample characterization440
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Sample morphology was observed using a Nikon SMZ1000 Greenough441

stereomicroscope (Japan) equipped with a white LED ring light source illumination442

system. Imaging was performed using a 1 × flat field apochromatic objective (Plan443

Apo 1 ×, WD 70 mm, Nikon) with a total system magnification of 8 ×, and images444

were acquired by a CMOS camera (Allied Vision Guppy Pro F503B, resolution 2588445

× 1940 pixels). Statistical analyses of the characteristic linewidths are provided in446

Supplementary Document S9 to evaluate the repeatability and uniformity of the447

printed patterns. In addition, analyses of the adhesion and conductivity of the printed448

pattern under bending conditions are described in Supplementary document S10.449
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