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Abstract. With the surge in devices for Internet of Things (IoT) applications, there is great 

interest in flexible electronics to be mass manufactured at lower costs. Screen-printing is well-

known for mass manufacturing, however, this method has mostly focused on printing metallic 

patterns. Rare efforts have been devoted to print substrates for high frequency (mm-wave) 

electronics, which requires low dielectric loss to ensure a decent system efficiency. This paper 

presents a novel screen-printable composite ink comprising of acrylonitrile-butadiene-styrene 

(ABS) and ceramic particles, through which, dielectric substrates with various thicknesses 

(down to few microns), lateral dimensions, and relative permittivities can be printed at low cost. 

A low dielectric loss of 0.0063 at 28 GHz (5G communication band) makes the substrates 

suitable for mm-wave electronics. A custom silver nanowires based screen-printable ink is 

utilized for metallic printing to provide high conductivity (3.4×106 S/m) and stable electrical 

response under bent or folded conditions. As a proof of concept for fully printed mm-wave 

electronics, a flexible quasi-Yagi antenna operating at 5G band (26.5–29.5 GHz) is 

demonstrated that exhibits decent performance in flat as well as bent conditions, confirming the 

suitability of the material system and printing processes for mass production of IoT and 

wearable electronics. 
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1. Introduction 

In recent years, the internet of things (IoT) has been a topic of great interest for both the 

academia as well as industry.[1-5] IoT enables smart living by connecting physical devices 

through the internet. IoT is envisioned to connect billions of sensing devices wirelessly through 

rapid development and ubiquitous deployment of wireless networks.[6-7] To cater for the huge 

volume (tens of billions) of connected devices in the IoT ecosystem, mass manufacturing of 

these devices must be low cost. Since these IoT devices will be mounted on all kind of objects 

(including non-planar surfaces), it will be beneficial if these devices are mechanically flexible 

and conformable. Further, a number of designs for applications such as 5G, IoT, automotive 

radars for autonomous cars, etc., require multilayer processes, which need both dielectric and 

metal layers. 

The conventional technologies to prepare the electronic devices, such as photolithography, 

contain complex production process, which is not favorable for mass manufacturing. In 

addition, the material wastage during the process increases the production cost. In contrast, 

printed electronics (PE), referring to a set of electronic devices manufactured by printing 

technologies, such as screen, gravure, and inkjet printing, possess the capability of low-cost and 

high-volume fabrication of electronics devices by direct deposition of functional materials (i.e., 

inorganic, organic, and bioinspired materials) on flexible substrates.[8-13] Thus, PE has been 

considered as a revolutionary technology to manufacture large-area electronic devices on 

conventional as well as non-conventional (flexible) platforms.[1, 14-18] Currently, diverse 

electronic devices, such as conductive electrodes, energy devices, light emitting displays, 

healthcare devices, wearable sensors, field-effect transistors, and IoT devices, are being 

manufactured through PE technologies. [11, 19-21] Over the past decade, tremendous efforts have 

been made for the development of metallic inks to realize conductive patterns.[17, 22-26] However, 

to realize fully printed devices, the substrates must also be printed in addition to the conductive 
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patterns. Unlike metallic inks and printed conductive patterns, not a lot of work has been done 

on dielectric inks and printing of the substrates. Currently, different substrates are being used 

in flexible electronics, such as papers and polymer films like polyimide, polyethylene, 

polyethylene terephthalate, polyethylene naphthalate, and parylene. These polymer films are 

prepared through a number of different technologies, such as extrusion [27], injection molding 

[28-30], calendaring [27, 31], which require either high temperature (>200 °C typically) to melt the 

raw materials (i.e., granules and filaments) or require high-end machining. Above all, most of 

the existing techniques are not very suitable for multi-layer manufacturing of sophisticated 

electronics, patterned substrates as well as thin and flexible devices.  

Thus, we propose a solution to manufacture ultra-thin, foldable dielectric substrates. A novel 

screen-printable dielectric ink based on acrylonitrile butadiene styrene (ABS) and ceramic 

particles composites has been prepared which can be used for mass production of dielectric 

substrates on demand. Through screen-printing, thin patterned substrates with a thickness down 

to few microns can be printed for a relatively large area. In addition, multilayer structures can 

also be constructed. Due to the low-loss nature of ABS and ceramic particles, the screen-printed 

substrates demonstrate a low dielectric loss of 0.0063 at 28 GHz. A custom screen-printable 

silver nanowires (AgNWs) ink has been used to construct metallic patterns to provide high and 

stable electrical performance under deformations, such as bending and folding. To prove the 

applicability of the inks, a multilayer circuit comprising of metal-dielectric-metal-dielectric has 

been manufactured. Further, an all-screen-printed quasi-Yagi antenna has been fabricated for 

5G band operation (26.5 – 29.5 GHz), which performs well, despite being fully printed on a 

flexible substrate.  

2. Results and Discussion 

Due to the relatively high permittivity and the low loss tangent, BaTiO3 particles with an 

average diameter of 280 ± 52 nm, have been introduced to ABS matrix to tune the dielectric 
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properties of the ABS polymer. A screen-printable ABS and ceramic particles composite ink 

(Fig. 1a) with solid loading of 40% has been used to print the dielectric substrate. As displayed 

in the scanning electron microscope (SEM) image in Fig. 1b, the ceramic particles are well 

dispersed in ABS polymer matrix. The ink formulation has been optimized for the screen 

printing process (see Experimental Section for details of ink preparation and printing process). 

The thickness of the screen-printed substrate is examined using a surface profiler. As presented 

in Fig. 1c, a layer thickness of approximately 10 µm is obtained for a single screen-printing 

pass. For thicker layers, multiple printing passes are required. For example, three substrates 

with one, five, and ten printing passes are printed and displayed in Fig. 1d, demonstrating 

averaged thicknesses of 8, 49, and 102 μm. The substrates become more opaque when the 

printing passes increase. Fig. 1e displays a SEM image of a printed substrate with a thickness 

of 8 µm, exhibiting uniform thickness. It should be noted that further reduction in thickness is 

also feasible by printing with diluted composite ink. For example, Fig. S1 displays a printed 

substrate with a thickness of about 2.5 μm. To characterize the surface morphology and 

roughness of the screen-printed substrate, 3D interferometry and SEM image have been used. 

As displayed in Fig. 1f and 1g, the measured surface roughness of the screen-printed substrate 

is 1.1 μm. The smooth surface is beneficial for high-performance mm-wave components, such 

as antennas.[32-33]  

With screen-printing, the thickness of the printed substrates can be controlled, and thin 

substrates can be achieved to fulfill various requirements of flexible electronics. In addition, 

the printed thin substrate is completely flexible, which can be rolled into a cylinder with a 

curvature radius of 1 mm (Fig. 2a) and folded to complex structures (Fig. 2b). More 

importantly, thin substrate with large area can be easily obtained with large screen frame, as 

shown in Fig. 2c. In addition to the flexibility and the large area manufacturing, patterned 

dielectric substrates can also be printed through the proposed screen-printing process. Fig. 2d 



  

5 

 

shows a photograph of various patterns in the printed dielectric substrate. The optical 

microscope image displayed in Fig. 2e shows the clear and smooth edge of the screen-printed 

dielectric pattern. 

 

Figure 1. Characterization of the screen-printable ink and the printed substrates. (a) Photographic image 

of the prepared ink. The scale bar is 5 mm. (b) SEM image of the composite ink comprising of ABS 

polymer and ceramic particles. The scale bar is 2 µm. (c) The relationship between the thickness of the 

printed substrates and the printing cycles. (d) Photographic image of the printed substrates with 

thicknesses of 8, 49, and 102 μm. The scale bar is 10 mm. (e) SEM image of the printed substrate with 

a thickness of 8 μm. The scale bar is 3 µm. (f) 3D surface profiles and (g) SEM image of the screen-

printed substrate. The scale bar is 100 µm. 
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Figure 2. (a) Photographic image of the substrate rolled on a thin wire. The scale bar is 5 mm. (b) 

Photographic image of the substrate folded into a boat. The scale bar is 5 mm. (c) Photographic image 

shows the large-area fabrication. The scale bar is 20 mm. (d) Photographic image shows the patterned 

substrate. The scale bar is 10 mm. (e) Microscope image of the printed dielectric pattern. The scale bar 

is 100 µm. 

To extract the dielectric properties of the printed substrates at 30 GHz, cavity perturbation 

technique has been used. By measuring the shift in the resonant frequency and the decrease in 

the quality factor of the cavity, the dielectric constant and loss tangent of the material placed in 

a region of the cavity can be extracted according to the standard equations reported in the 

literature.[34-37] In our experiment, a cylindrical metallic (aluminum) cavity resonator, as 

presented in Fig. 3a, has been designed and fabricated. TE111 mode, whose resonant frequency 

is approximately 29.3 GHz, is excited inside the resonator. Two 2.9-mm connectors with a 

center pin length of 7 mm are used to collect the power/signal in and out of the cavity. Keysight 

VNA has been used to record the transmission of the cavity. The measurement set-up is 
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presented in Fig. 3a. Disk-shaped samples with a diameter of 6.4 mm and thickness of 0.3 mm 

are used for this experiment. 

The transmission of the empty cavity as well as the cavity with the screen-printed substrate 

is measured, as shown in Fig. 3b. It is clear that the curve shifts to a lower frequency when the 

cavity is loaded with the sample, as compared to empty cavity with air only. Specifically, the 

center frequencies of the screen-printed substrate is 28.05 GHz as compared to the empty cavity 

(29.3 GHz). This shift indicates that the dielectric constant of the screen-printed substrate is 

much higher than that of the air. As shown in Fig. 3c, a dielectric constant of 3.15 ± 0.01 have 

been obtained for the screen-printed substrate. In addition to the dielectric constant, the loss 

tangent of the printed substrate has also been extracted. As displayed in Fig. 3c, the loss tangent 

of the screen-printed substrate is 0.0063 ± 0.0001 at 28 GHz, indicating the low-loss behavior 

of the printed substrate. This value is much lower than the reported loss tangent of flexible 

substrates [14] and 3D printed rigid substrates.[18, 38-39] It should be noted that there has some 

minor variations in the material properties of different samples. This is most likely due to the 

slight thickness variation in different samples as well as the sub-micron scale pores in the 

printed dielectric layer (Fig. S2). The pores are formed during the evaporation of the solvents 

due to the relatively high drying temperature (100 °C). These pores can be avoided by 

minimizing the drying temperature (i.e., room temperature), however, this will require a longer 

processing time. 
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Figure 3. (a) The measurement set-up for characterizing the permittivity of the printed substrate. (b) 

The measured transmission coefficient (S21) of the empty cavity and the cavity loaded with the screen-

printed substrate. (c) The extracted dielectric constant and the loss tangent of the screen-printed 

substrate. Three samples are tested, and the averaged values with standard deviations are displayed in 

this figure. 

    The low dielectric loss together with the excellent flexibility and the capability of mass 

production makes the composites a promising substrate for flexible electronics. To construct 

stable and reliable conductive components on the printed dielectric substrates, a custom-made 

AgNW ink with a solid content of 10 wt.% has been used (see details of ink preparation in 

Experimental Section). Screen-printing has been used to print the AgNW ink onto the surface 

of a screen-printed substrate with a thickness of about 50 μm. To evaluate the stability, the 

resistance of the printed AgNW pattern on the substrate under bending and folding is measured. 
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As displayed in Fig. 4a, the printed AgNW pattern demonstrates a negligible change in 

electrical performance (from 0.7 ohm in the flat condition to 0.86 ohm for a bending radii of 1 

mm. When the substrate is folded in half (bending radii of 0.5 mm), the resistance increases to 

1.3 ohm. This value is still sufficient to retain high electrical conductivity (1.8×106 S/m), which 

is essential for good performance of the mm-wave components. To visually demonstrate the 

flexibility and foldability of the conductive AgNWs on the substrate, a light-emitting diode 

(LED) light is connected to the conductive circuits, which is powered by a 3 V button battery. 

As displayed in Fig. 4b and 4c, the LED light maintains its high illumination when the AgNW 

circuits are being rolled or folded into half. The excellent flexibility can be attributed to the 

strong adhesion of the AgNWs patterns on the substrates due to the polymer binder in the ink 

formulation. Such adhesion helps to maintain interconnection under various deformations. As 

can be seen from the SEM images in Fig. 4d and 4e, no obvious cracks or delamination of the 

AgNWs film around the crease is observed after being rolled and folded. In addition to the 

folding test with various radii, the cyclic folding test on the printed AgNW pattern is performed, 

as shown in Fig. 4f. Under compressive folding conditions, the resistance of the AgNW pattern 

increases from 0.8 to 1.2 ohm after 10,000 folding cycles with a radii of 1 mm, demonstrating 

superior resistance stability. When folding under tensile strain after 2,000 cycles, the AgNW 

pattern achieves a resistance of 1.5 ohm, which is one time higher than the original value (0.7 

ohm); the resistance further increases to 4.3 ohm after 10,000 folding cycles. The larger increase 

in resistance when folded under tensile strain can be attributed to the nanoscale fractures on the 

surface of the AgNW pattern (Fig. 4g) with a crack width less than 400 nm (Fig. 4h). 

Nevertheless, the AgNW ink provides stable resistance under folding conditions, which is 

beneficial for maintaining the high electrical conductivity of flexible and wearable electronics. 
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Figure 4. (a) The relationship between the measured resistance of the printed AgNW pattern and the 

bending radii, from 20 mm to 0.5 mm. Inset is a photograph of a folded AgNW pattern. Photographic 

images showing that the AgNW-based circuit can support a LED light on the printed substrate under (b) 

rolling or (c) folding condition. (d) SEM image of the AgNWs on the substrate after being bent with a 

radii of 0.5 mm. The dashed line is the crease. The scale bar is 100 µm. (e) SEM image of the AgNWs 

on the substrate show the wrinkled structures along the crease. The scale bar is 10 µm. (f) The change 

in resistance of the printed AgNW pattern under cyclic bending at a bending radii of 0.5 mm, up to 

10,000 bending cycles. Both the tensile strain and the compressive strain are applied to the AgNW 

pattern. (g) SEM image of the AgNWs on the substrate after 10,000 bending cycles. The dashed line is 

the crease. The scale bar is 100 µm. (h) SEM image of the AgNWs on the substrate show the nanoscale 

cracks along the crease. The scale bar is 1 µm. 

 

    As mentioned, one major advantage of the proposed process is to realize multilayer 

structures. Here, we have built a double layer circuit, which means two dielectric and two 

metallic layers. The top metallic tracks are connected to the bottom metallic tracks (embedded 

in the two dielectric layers) through via holes, as illustrated in Fig. 5a and 5b. The fabricated 
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circuit is displayed in Fig. 5c.  A LED light is connected to the top metallic tracks, which is 

powered by a 3 V button battery. As displayed in Fig. 5d and 5e, the illumination of the LED 

light is maintained when the double layer circuit is in flat or bending condition, demonstrating 

the flexibility and stability of the realized multilayer structure. 

 

Figure 5. (a) Cross-section view and (b) perspective view of the double layer circuit. (c) Photographic 

image of the fabricated double layer circuit. Photographic images show that the double layer circuit can 

support a LED light under (d) flat or (e) bending condition. All the scale bars are 5 mm. 

 

The excellent flexibility of the printed dielectric substrate and the AgNW patterns have 

potential applications in various functional devices, such as wearable sensors, thin-film 

transistors, and radio frequency components. Here, as an example, a planar quasi-Yagi antenna 

is designed with the proposed flexible substrate to operate in the 5G Frequency Range 2 (FR2) 

band (26.5 GHz to 29.5 GHz). 5G network in this band can achieve gigabit data rates with 

extremely low latency. It should be noted that the permittivity of the printed substrate has been 

characterized at the center frequency of 28 GHz. The permittivity is expected to not change 

much within the band of 26.5 GHz to 29.5 GHz. As presented in Fig. 6a, the antenna is 

composed of a dipole, a director, and a ground plane. The optimized geometry dimensions are 

displayed in Fig. 6a.  
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Figure 6.  (a) The geometrical parameters of the proposed mm-wave antenna. Dimensions: Ls = 18, Ws 

= 12, Lg = 6.95, Wg = 6, L1 = 3.5, L2 = 1.75, L3 = 2.14, L4 =0.47, L5 = 0.82, Lant = 2.7, Ld = 4, G1 = 0.2, 

G2 = 2, G3 = 3, W = 0.2 (all in mm). (b) Digital photograph of the fully screen-printed antennas. Four 

antennas are produced in a single printing cycle to demonstrate the scalability. (c) Digital photograph of 

one antenna ready to test. (d) Digital photograph of one antenna under bending condition. 

 

To demonstrate the scalable fabrication, four antennas are fabricated in a single printing pass, 

as presented in Fig. 6b. To test the high frequency performance, a subminiature version A 

connector has been mounted to the antenna, as shown in Fig. 6c. PNA E8363B has been used 

to measure the reflection coefficient (S11) of the printed antenna. As presented in Fig. 7a, the 

measured S11 is in good agreement with the simulated result, demonstrating a wide impedance 

bandwidth, from 26.6 GHz to 31.1 GHz, which covers all the spectrum of the desired 5G band. 

There is only a slight frequency shift of about 0.7 GHz (2.3%) for the measured result, which 

is primarily caused by the fabrication tolerance of the AgNW trace accuracy (narrowed lines) 

and the variation of the substrate thickness. In addition to the measurement at the flat condition, 

the bending and folding effects on the S11 of the printed antenna are evaluated by measuring the 

S11 under different bending and folding conditions (Fig. 6d). As displayed in Fig. 7b, the 

measured S11 exhibits negligible change over the desired frequency band when the antenna is 

bent with various radii, demonstrating stable RF performance of the printed antenna under 

bending conditions. Moreover, after being folded in half (inset in Fig. 7c) and re-measured at 
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flat condition, the antenna exhibits well-matched impedance performance over the desired 

frequency, as displayed in Fig. 7c. The slight shift to a lower frequency and the increased 

bandwidth can be ascribed to the slightly decreased conductivity of the antenna after being 

folded. Nonetheless, these results indicate that this all-printed low cost and flexible antenna’s 

performance is comparable to that of a standard PCB rigid antenna. 

In addition to the S11, the radiation performance is characterized in the MVG μ-Lab high-

frequency chamber. Fig. 7d displays the comparison between the simulated and measured 

frequency response of the antenna’s gain performance. In the measurement, the antenna 

achieves a maximum gain of 4.9 dB, which is only 0.2 dB lower than the simulated value. This 

high gain is promising for the all-printed and ultra-thin antenna, enabling its potential for 

practical applications. It should be noted that the plotted antenna gains are realized gains for 

which the impedance matching has been considered. Therefore, the realized gain exhibits a 

similar frequency shift as the reflection coefficient discussed above. Compared with the 

simulation result, the 3 dB bandwidth of gain shifts to a higher frequency range (27.4 GHz – 

31.2 GHz) in the measurement, which can be compensated by slightly increasing the antenna 

length. In addition to the realized gain, the measured and simulated radiation patterns of the E-

plane and H-plane have also been compared, as displayed in Fig. 7e. The measured radiation 

patterns are consistent with the simulation results. 
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Figure 7. (a) The measured and simulated reflection coefficient (S11) of the printed antenna. (b) The 

measured S11 of the antenna under bending with various bending radii. (c) The measured S11 of the 

antenna after being folded and released to the flat condition. Inset is a photographic image of the folded 

antenna. (d) The measured and simulated realized gain of the printed antenna. (e) The measured and 

simulated radiation patterns of the printed antenna at E-plane and H-plane. 

 

3. Conclusion 

This work proposes a solution to produce ultra-thin and mechanically flexible dielectric 

substrate on demand. A screen-printable dielectric ink has been developed to print dielectric 

substrates with a smooth surface and low dielectric loss at 28 GHz. An AgNW ink helps to 

provide stable electrical performance under bending or folding conditions. A quasi-Yagi 

antenna working at mm-wave frequency range is realized through this all-screen-printing 

process. Well-matched impedance and radiation patterns are achieved in the measurements. 

The antenna works well in both planar and bent states, demonstrating its potential for wearable 

applications. 
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4. Experimental Section  

Preparation of dielectric ink and screen-printing of dielectric substrates: The commercially 

available filaments for 3D printing (PREPERM 3D ABS300) with a dielectric constant of 3.0 

± 0.1 and loss tangent of 0.0046 at 2.4 GHz has been dissolved in a solvent mixture of anisole 

and tetrahydrofuran with a weight ratio of 6:1. The ink suitable for screen-printing containes a 

solid loading of 40 wt.%.  

    A professional screen printer (AUREL screen printer 900PA) has been used to print the 

substrate on a supporting glass. The printer is equipped with a stainless-steel screen with a mesh 

count of 325 and an emulsion thickness of 10 µm. After printing, the printed substrates are 

thermally treated in an oven at 100 °C for 10 min to dry completely. Finally, the printed 

substrates are peeled off from the supporting glass with the help of water. 

Preparation of Ag NW ink and screen-printing of AgNWs: Ag NWs are synthesized using a 

modified polyol reduction process. Briefly, 0.8 g polyvinylpyrrolidone (PVP) K30 and 0.8 g 

PVP K90 are added into 200 mL ethylene glycol (EG), and stirred at 600 rpm to obtain a 

transparent solution. Then, 2.1 g silver nitrate is added and stirred at 600 rpm until totally 

dissolved. Next, 30 g FeCl3 EG solution (0.06 M) is added and stirred for 2 min. The solution 

is then poured into a flask heated in an oil bath at 120 °C. The reaction takes 5 h. After 5 h 

reaction, the heating and stirring is stopped to allow cooling to room temperature. Finally, 

acetone and ethanol is used to wash the AgNWs for three times to obtain the purified AgNWs. 

To prepare highly conductive AgNW ink, the purified Ag NWs is dispersed into a PVP solution 

containing of propylene glycol and ethanol. The final ink has a solid loading of 10%. 

    The same screen printer has been used to print the AgNW ink onto the surface of a screen-

printed dielectric substrate with a thickness of 50 μm. After printing, the AgNW patterns are 

dried at 110 °C for 10 min. 
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Simulation of the RF antenna: Before the fabrication, the antenna structures are optimized to 

resonate at 29 GHz and the antenna performance is simulated in High Frequency Structure 

Simulator (HFSS) software. The antenna is simulated through a thin surface impedance layer 

with a conductivity of 3.4 ×106 S/m. The dielectric substrate is molded with a layer thickness 

of 50 µm and a dielectric constant of 3.1 and loss tangent of 0.0063 at 28 GHz. A discrete 50-

ohm port is modeled as the source. 

Characterization: The profile of the printed substrate is examined by a Veeco Dektak 150. The 

surface morphology and roughness of the screen-printed dielectric substrate have been 

examined using a 3D interferometry (Zygo NewView 7300). The morphologies of the 

synthesized Ag NWs and the Ag NW patterns are taken using a scanning electron microscope 

(ZEISS Merlin). A vector network analyzer (Agilent E8363A) is used to obtain S-parameters 

(S11, and S12) of the cavity and the fabricated antenna. The gain and radiation pattern of the 

antenna are obtained in a MVG μ-Lab high-frequency chamber. 
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A screen-printable polymer-ceramic composite ink has been developed to create dielectric 

substrates on demand. The printed substrates demonstrate smooth surface and low dielectric 

loss, which are beneficial for mm-wave application. Silver nanowires help to provide stable 

performance under deformable conditions. A foldable antenna operating at 5G communication 

band has been realized through this all-screen-printing process. 
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