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ABSTRACT   In this study, we demonstrate sustainable conductive screen printing ink 

containing graphite nanoplates (GNP) prepared by means of combining shear and 

ultrasonication exfoliation processes with the aid of mixed-solvent strategy of isopropanol 

(IPA)-water mixtures. The screen printed GNP ink features high conductivity of 4.66×104 S/m, green and low manufacturing cost and has the potential for industrial scale-up 

productions. We first benchmark the GNP conductive ink and screen printed samples to 

investigate the rheology of the ink and its compatibility for industrial production.  The high 

loading GNP ink is further applied to scalable and efficient production of Ultra high 

frequency (UHF) Radio Frequency Identification (RFID) tag antenna and reader antenna. A 

low-cost, accurate wireless liquid sensing system capable of sensing the content of the liquids 

via machine learning datasets by feedforward neural network is demonstrated for ubiquitous 

IoT sensing applications. The experimental results demonstrate that the GNP ink printed 

RFID tags and reader antennas can provide satisfactory read range and performance for many 

practical RFID applications, such as inventory and security. Furthermore, the printed RFID 

wireless sensor incorporating neural network machine learning can accurately label the 

content of colorless, transparent and unidentified liquids, illustrating the potential in low-cost, 

green and industrial scalable production of GNP conductive ink printed RFID antennas and 

sensing systems for massive IoT applications deployment enabling ubiquitous wireless 

connectivity.  

KEYWORDS: graphite nanoplates, GNP, conductive ink, screen printing, RFID, machine 

learning, solvent sensing  
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1. Introduction 

The potential to apply graphene’s outstanding electronic, thermal, optical and mechanical 

properties into applications has been intensively studied in the recent years1. Despite the 

extensive potential applications, the primarily concerns in implementation of graphene and 

other 2-D materials into practical applications is currently limited due to the limitations of 

large-scale productions2. Consequently, a great deal of attention from academic and 

industrial researchers has been paid to developing cheaper, simpler and more scalable 

production methods for graphene from the laboratory to industrial scales3. For industrial 

scale applications such as mass production of conductive inks which do not necessarily 

require high quality monolayer or even few-layered graphene and a strict aspect ratio (lateral 

size to thickness ratio), the ink can be prepared with graphite nanoplates (GNP) on kilogram 

scale to increase the production efficiency2,4. The traditional printed electronics use 

subtractive metal etching, wasting substantial raw materials and producing chemical wastes 

which damage the environment 5. In industrial scale production such wastes must be properly 

disposed which further increases the fabrication costs. Researchers have been investigating 

and exploring the feasibility of using printing techniques such as screen printing and inkjet 

printing to reduce the processing steps and overall costs in the recent years6. Inkjet printing 

has high resolutions but the multilayer printing steps and costs in large batches are not cost-

effective for mass production. Furthermore, metallic nanoparticle conductive inks often use 

noble metal such as gold or silver leading to high costs in mass production. Although there 

are cheaper options such as aluminum and copper nanoparticles, they tend to be oxidized 

easily when exposed, which not only limits the operating environment but also degrades the 
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performance7. The development of screen printed graphene techniques has enabled 

production of graphene-based antennas8,9, RFIDs10, passive components11 and wearable 

electronics9 recently.  

Screen printing is popular and matured technology as it adds simplicity, affordability, 

speed and adaptability to the fabrication process7. Screen printing technique is more 

compatible with the high-viscosity inks (μ ~ 0.5-5 Pas) as it helps with the amount of the ink 

dispense out of the mesh and transfer to the substrate during screen printing process also to 

minimize ink flow on the substrate after the ink transfer 7,12. Ideally, a distribution of 

different flake sizes should be used for high conductivity. Large lateral size flakes with a few 

tens of nanometer thickness can reduce the number of interfaces between the flakes, but do 

not guarantee good stacking and can result in a number of voids when printed. Thin and 

small flakes allow for the best stacking, however, they end up with the maximum number of 

interfaces resulting in higher contact resistance, which potentially can increase the overall 

resistance. With a hierarchical structure of the printed ink where the large flakes provide the 

backbone and the smaller flakes fill in the voids, high conductivity for printed electronic 

circuit applications could be achieved. The  optimal distribution (so to achieve high 

conductivity) depends on many parameters, including the contact resistance between the 

flakes, the lateral and vertical sizes and conductivity of the individual flakes13.  

It is worth to notice that carbon nanotubes (CNTs) have recently proved to be promising 

materials for applications such as electrically conductive fillers in heat dissipation devices, 

flexible and transparent conductive films and lightweight conducting wires/cables, etc. 

However, screen printing is an uncontrolled ink distribution process which introduces 

misalignment and many contacts among CNT assemblies during the printing. Such lack of 
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distribution process control makes CNTs incompatible to be used with screen printing14,15. 

On the other hand, the GNP can be stacked to form thick, flexible layers using the 

compression technique8–11,13, allowing cheap and easy production of printed electronics with 

good mechanical and electrical properties.   

Despite the potential in replacing metal printed circuits and antennas with printed 

graphene ones, the solvents used frequently to prepare printable graphene conductive ink 

such as N-methyl-2-pyrrolidone (NMP) and dimethylformamide (DMF) have high boiling 

points and are toxic16,17. Non-toxic solvent Cyrene (Dihydrolevoglucosenone) for graphene 

conductive ink has been reported recently13,18 but it is still of high boiling point of 227°C and 

remain at high price and these still hinder the graphene printed electronics applications2,13. A 

mixed-solvent strategy has been proposed for facile and green preparation of dispersions 

containing multi-layer graphene in water-IPA mixtures19,20, along with low-temperature 

preservation to prevent agglomeration for storage and transport purposes. However, 

conductive ink by water-IPA liquid phase exfoliation has so far been made by redispersing 

exfoliated graphene flakes in  toxic and high boiling point solvent such as NMP21. In this 

work, a simple one-pot synthesized water-IPA GNP ink without solvent exchange  has been 

proposed, investigated and characterized, revealing that it can be a promising candidate for 

industrial scale GNP conductive ink production. Furthermore, screen printed RFID antennas 

and their wireless sensing applications have been proposed and demonstrated experimentally.  

Compared to inkjet printing ink, efficient and green production of screen printable high 

viscosity GNP/graphene ink are less well developed due to the high loading for the required 

viscosity and the typical ink volume for the production process where minimal solution-

processed dispersions can be used directly4. A high loading viscosity ink is also devoid of the 
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coffee ring effect and capable of uniform deposition of the ink, forming rectangular printed 

structures, resulting in a better inter-flake percolation, and hence a higher electrical 

conductivity4,22. Recently, a water-phase, non-dispersion exfoliation method to produce 

highly crystalline graphene flakes in the form of concentrated slurries (5 wt%) with high 

production efficiencies (82~170 g/h) is reported 23. However, due to the high ionic strength 

of the solution, this method tends to form low-viscosity dispersion, hence not suitable for 

screen printing process. Screen printing of high-resolution pristine graphene patterning using 

a silicon stencil has been reported24. However, the ink preparation requires repeated 

centrifugation and sonication as well as  a high temperature at 400 °C to yield the graphene-

ethyl cellulose powder for the ink production. Furthermore, the silicon stencil and PDMS 

spacer require more processing time and steps for the fine resolution print hence not suitable 

for low cost industrial scale production. A high yield exfoliation (100%) of graphite into few 

layer graphene flakes in aqueous solutions under high shear rate turbulent flow conditions 

has also been reported25. The conductivity of the prepared ink can reach σ ~ 2 × 104 S/m after 

thermal annealing at 300 °C. However this is not suitable for printing patterns on paper 

substrates. A mild heating process on the gelation of graphene/binder dispersions has been 

presented26. The graphene paste for screen printing is prepared by high shear mixing with 

solvent exchange but its conductivity is relatively low (σ  ~ 1.3 × 104 ) due to the added 

binders 26. This binder based graphene paste is further processed with photonic annealing and 

subsequent compression rolling, reaching a conductivity of 2.86 × 104 S/m normalized to 

25 μm thickness27. It is also reported  that by using nitrocellulose as the binder, an electrical 

conductivity of up to 4 × 104 S/m could be achieved after binder decomposition annealing at 

350 °C28.  A high intensity xenon lamp was further introduced  to effectively decompose 
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ethyl cellulose without damaging polymeric substrates or the printed graphene, and retain a 

high electrical conductivity of 2.5 × 104  S/m29. However the photonic annealing is not 

suitable for industrial production. For practical applications such as RFID antennas or other 

electronic components which require the transport of significant currents, the sheet resistance 

requirement should be as low as possible and a substantial thickness of the printed layer is 

not desirable for printed electronics4. Higher conductivity ink is preferable because printing 

with thinner thickness reduces the printing difficulty30. Furthermore, high temperature 

annealing raises challenges in industrial scale production and it also limits the choices of 

substrates4.  

In this study, we use highly conductive screen printing ink with high loading of GNP 

produced through shear mixing followed by ultrasonic liquid phase exfoliation by using non-

toxic, low boiling point and green mixture solvent of water-IPA. This work demonstrates that 

water-IPA can provide efficient exfoliation of GNP in a large loading for up-scaling 

production of carbon based conductive ink and the one-pot synthesis that does not require 

solvent exchange. The as-prepared ink can be further concentrated to high concentration of 

50 mg/mL viscous screen printable ink. The GNP flake characterization, the inter-flake 

percolation, and printing compatibility have been studied. The printed samples only require 

mild temperature drying at 80 °C. Conductivity as high as 4.66×104 S/m can be achieved 

with the prepared samples with hydraulic compression.  

UHF RFID technology operating at 865-868 and 902-928 MHz range has already been 

used widely in inventory tracking and security, it also shows the potential to be used as 

wireless sensors31. A typical UHF RFID system applies the principle of modulated 

backscatter signal from a passive tag antenna to transfer data back to the reader antenna. The 
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application of RFID technology is growing continuously thanks to its contactless 

communication capability32,33. Screen printed UHF RFID tag and reader antennas are 

presented in this work as a proof of concept to demonstrate the compatibility of the GNP 

conductive ink with screen printing technique for wireless RFID sensing and communication 

applications. The read range of the GNP printed UHF RFID tag antenna, gain and the 

radiation pattern of the reader antenna reported here showcase that the GNP ink printed 

antennas can perform well for many practical applications, such as inventory and personnel 

tracking. As an application example, we present here a GNP ink printed machine learning 

enabled wireless RFID sensor, which is capable of accurately identify  the content of 

different transparent colorless liquids through neural network machine learning, illustrating 

the potential of GNP conductive ink printed RFID antenna and wireless sensing system for 

low-cost, disposable, ubiquitous wireless connectivity and massive IoT applications.  

 

2. Experimental 

 

2.1.  Preparation of high loading GNP ink  

4 g of graphite flakes (Alfa Aesar) were slowly added to IPA-water mixture (400 mL) 

containing 40 vol% IPA whilst being shear mixed at 8000 rpm using Silverson L4R mixer 

equipped with square hole high shear screen. The shear mixing is kept on for 2h, a glass 

water cooling cylinder keeps the temperature around 20 °C.  The dispersion then is 

transferred into glass bottle and bath ultrasonicated for 10 hr. The supernatant was carefully 

removed after centrifuged for 15 min at 500 rpm twice to remove any thick and large flakes. 

The resulting dispersion was first filtered via a 300-mesh stainless steel screen then vacuum 
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filtered with Whatman filter paper grade 5 to remove the excess IPA-water, leaving fluid 

paste-like ink with concentration of 50 mg/mL. 

 

2.2.  GNP Sample Characterizations 

To characterize the properties of the GNP, the supernatant collected after centrifugation, 

is spin-coated and dried on cleaned Si/SiO2 substrates. Atomic force microscopy (AFM) is 

performed on samples using Bruker FastScan to examine the flake structure of individual 

flakes and flake thickness distribution. Scanning electron microscopy (SEM) was carried out 

using Zeiss Ultra 100 to characterize the lateral size of the GNP and GNP cross-section to 

visualize the thickness of the printed layers after compression.  For Raman measurement the 

samples are characterized by Horiba XploRA PLUS.  The conductivity of the samples 

prepared by the ink with different processing times are characterized by  

𝜎 = 1𝑅𝑠×𝑡                                                                  (1) 

where Rs is sheet resistance, and t is thickness of the printed sample. For the sheet resistance 

measurement, 100 μL of the supernatants after 5 min low-speed centrifugation (500 rpm, 5 

min) were collected for samples with various processing time, and dropped on filter paper 

(Whatman qualitative filter paper, Grade 5).  The filter paper was held on a glass funnel (140 

mL Aldrich Buchner) by vacuum to avoid coffee-ring effect. The ink was further annealed in 

an oven for 2 hr (80 °C) and compressed using a hydraulic compressor. The sheet resistance 

is obtained by measuring 5 printed samples using 4- point probe station (Jandel, RM3000) 

and semiconductor characterization system (Keithley, 4200C). The thickness is obtained by 
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using average thickness of the printed GNP by cross-sectional SEM view of the compressed 

samples. The viscosity of the concentrated ink is measured with TRIOS Rheometer at 25 °C.  

 

2.3. Screen Printing of GNP conductive ink 

      Screen printing was performed using semiautomatic pneumatics screen printer with a 70° 

angle squeegee, at a printing speed of 50−150 mm s −1. Mesh size 24 (thread number per 

inch) was used. The electronic components, eg, antennas, were printed on printing paper 

substrate (Xerox Colotech A4 paper 250 gsm). After screen printing, the printed samples 

were dried at 80 °C for 4 hr in the laboratory oven.  

 

3. Results and discussion 

     3.1. Characterization of GNP 

Firstly, the thickness, lateral size and the quality of GNP in the dispersion are 

investigated since these parameters govern the electrical and mechanical performance of the 

conductive ink. Two-steps centrifugation was used to sort the as-prepared dispersion with 

wide and different size fractions. The lateral size distribution histograms are shown in Figure 

1a. It is observed that the majority of the GNP flakes are of the sizes of 2 to 4 𝜇m, with a 

smaller size (multi-layer graphene flakes) tail of the distribution. The sizes of GNP flakes are 

crucially significant in influencing the flake alignment and electrical conductivity of the 

printed layers, which will determine the overall resistance of the ink and RF performance 

when they are screen printed into patterns and connected to IC chips 13. Large flake sizes can 

reduce the number of interfaces between the flakes but may not stack well between the layers 



 11 

and produce voids. On the other hand, small flakes can have better stacking and fewer voids 

but more interfaces.  

Raman spectroscopy of exfoliated GNP is shown in Figure 1b, illustrating the intensity 

associated with in-phase vibrations of the graphite lattice at D-band (1354 cm−1) and G-band 

(1578 cm−1).  The intensity of D-band peak is much weaker than G-band peak, indicating 

fewer structural defects and edge disturbance of the GNP which is significant for electron 

flow. The broader 2D band compared to graphene distinguishes to be GNP34. AFM analysis 

on individual flakes (12 hr processing time) are shown in Figure 1c, it can be seen that small 

flakes are characterized with fewer layers (of thickness less than 10nm) whereas larger flakes 

have more layers, with average height of ~30nm. It can be observed that large flakes have 

much uneven surface than that of smaller ones. This is because large graphite flakes tend to 

fragment rather than exfoliate because total attractive force increased linearly with the area of 

stacked graphite35. In the case of smaller flakes, delamination of each layer easily occurs. For 

this very reason, 2 hr shear mixing treatment was used to reduce the flake size to avoid long 

hours of ultrasonication. The delayed sonication is to better exfoliate the graphite into GNP. 

The exfoliation efficiency using a shear mixer will reduce over time because the rotational 

speed and the rotor–stator gap are fixed. It is energy inefficient and time consuming to 

exfoliate the GNP down to mono or multi-layer graphene for low cost wireless sensing IoT 

applications, longer processing time not only increases fabrication costs but also causes 

significant surface defects and smaller lateral size flakes which degrade the electrical 

conductivity13 (see Raman spectroscopy for small flakes in  Supporting Information Figure 

S1). Thickness distribution histograms is shown in Figure 1d. It can be seen around 25% of 

the small flakes lie in the thickness range less than 5 nm and 30% flakes have thickness 
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between 5 – 10 nm. The AFM image is provided in Supporting Information Figure S2. Thin 

and small flakes will end up with more number of interfaces, which can potentially increase 

the resistance13,36,37. Carefully control of exfoliation processes and various parameters so that 

large flakes incorporating with smaller ones is critically important to increase the ink 

conductivity.  

 

 

Figure 1. Characterization of GNP and printed samples. (a) Lateral size distribution of as 

prepared GNP counting 100 flakes (how long is the process time?); (b) Raman spectroscopy 

of GNP; (c) AFM topographic image of as-prepared individual GNP and surface scale curve; 



 13 

(d) Thickness distribution of prepared GNP counting 350 flakes; (e) Measured average GNP 

film conductivity values (measured five times per point) of conductivity as a function of 

sonication time. Red: Error bar; Blue: Linear regression of standard error estimate; (f) 

Comparison of surface topologies for as-deposited (× 2000 magnification) and compressed 

samples (× 10000 magnification) for 1 hr, 4 hr and 12 hr processing time.  

 

3.2. Characterization of printed GNP on paper. 

The conductivity variations of the GNP laminate under different processing time in IPA-

water mixed solvent is plotted in Figure 1e. As it can be seen, within the first 2 hr processing 

time (shear mixing), the conductivity only has a subtle increase. It is only after 6 hr 

processing time (2 hr shear mixing + 4 hr bath sonication) that the conductivity starts to 

increase notably and finally reaches 4.66× 104S/m at around 12 hr processing time (2 hr 

shear mixing + 10 hr bath sonication), which is good enough for low-cost RF applications as 

reported previuosly8,10,13. The conductivity in Figure 1e was calculated based on measured 

sheet resistance and average thickness of the printed GNP laminates. The thickness of GNP 

laminates was measured based on SEM images (Supporting Information Figure S4). The 

average thickness was obtained by averaging the thickness measured at 5 different locations 

of the GNP laminate. The fitted linear regression line of standard error estimate is also shown 

in Figure 1e. The average error in percentage is calculated as 18% based on mean square 

error.  

The GNP conductivity change with processing time can be explained intuitively by 

observing SEM surface topology as shown in Figure 1f.  It can be seen that with 1 hr 
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processing time (1 hr shear mixing), the graphite flakes have only sheared down to graphite 

particle-like structure, deep void alike holes are present due to ineffective inter-flake 

connections. As the processing time increases to 5 hr and 12 hr, the voids become smaller 

and shallower, indicating better flake interconnecting and alignments. Higher magnification 

(×10000) is used in order to better observe the topology change of the compressed samples. It 

can be seen that the samples with less processing time, even after compression, dents and 

cracks are still present because the flakes have collapsed into the voids during compression. 

The uncompressed samples for 1 hr, 4 hr, 12 hr processing time can be seen from SEM 

(×10,000 magnification) in Figure S3. These results demonstrate the significance of the flake 

size distributions. The un-exfoliated flakes are too thick and of large size, being difficult to 

stack up smoothly and jeopardizing the conductivity. The thinner and exfoliated flakes can 

stack well with a good size distribution where the bigger size flakes can act as the backbone 

and smaller flakes are utilized to fill to the voids. The thickness of screen printed samples 

after compression can be viewed from cross-sectional SEM provided in Figure S4. The 

average thickness is around 25 μm. The sheet resistance for the screen printed samples was 

measured to be 0.875 Ω/sq. The conductivity is calculated to be 4.57 × 104 S/m, agrees well 

with the values shown in Figure 1e by dispersing GNP onto filtered paper. For UHF RFID 

applications operating at around 900 MHz, the skin depth is 78.3 μm  with conductivity 

around 4.6 × 104 S/m. The sheet resistance achieved here(<1 Ω/sq) is sufficient for RF 

applications with thickness only 32% of its skin depth4,38. Further improvement to reduce RF 

losses can be achieved by increasing the amount of ink deposition to increase the thickness 

but this will increase the cost in production.   
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Concerning long time storage of the GNP conductive ink, the low-temperature treatment 

reported provides a possible way to avoid problems such as instability and aggregation for 

mixed solvent systems in dispersions21. The ink prepared for this work has been stored for 3 

months in laboratory fridge operating at −18°C and the printed samples show no obvious 

performance degradation.  

The concentrated GNP conductive ink is suitable for screen printing (the viscosity data 

can be found in Supporting Information Figure S5). The ink is highly shear thinning, with a 

power law exponent close to -1. The highly shear thinning property of the ink helps to 

quickly adjust the viscosity for printing even at a lower printing speed for ink deposition. 

For the printed samples using GNP ink, performance degradation is not observed over 6 

months. Different from inks made of graphene oxide (GO) and reduced graphene oxide 

(rGO), where the functional groups can have effect on water absorbance, GNP printed 

patterns on papers reported in this work are very stable. Tape peel tests have also been 

carried out on printed samples using wafer tape BT-50E-FR, wafer tape BT-150E-KL and 

scotch packing tape to test the film adhesion on paper. As shown in Supporting Information 

Figure S6, the samples can endure 10 times peel with wafer tapes and remain usable sheet 

resistance (3 ohm/sq) but sheet resistance increase several orders (600 ohms/sq) after peeling 

8 times with scotch packing tape. This reveals that the printed patterns in this work has the 

ability to endure small scratches or rubs. Characterization of line and gap resolution with 

different layers are also shown in Supporting Information Figure S7 and Figure S8, 

demonstrating that sufficient printing resolution has been achieved for RF applications. The 

thickness of the printed GNP is mainly controlled by the thickness or layers of capillary film. 

As shown in Supporting Information Figure S9, the GNP laminate thickness increases 
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monotonically with more layers of the capillary film. The GNP laminate thickness also 

depends on other factors such as printing speed, snap and lift off distance, screen thickness, 

design patterns, squeegee type and pressure, etc. 

 

Direct exfoliation in processable low-boiling point solution without re-dispersion for 

solvent exchange is desirable, i.e., one-pot ink synthesis. The mixed solvent of IPA-water  

also provides a way of easy removal after pattern printing by mild heating for drying the 

printed samples39, which further reduces the manufacturing costs.  

 

3.3. GNP conductive ink printed UHF RFID tag and reader antennas 

 

      The prepared conductive ink has been used to print RFID tag and reader antennas with 

satisfactory performance. GNP conductive ink screen printed RFID tag antennas with mid-

long range are designed with T-matching and nested slot techniques40–42. For best matching 

between the tag antenna and the bonded RFID chip, the impedances of the antenna and the 

chip should be conjugately matched at the operating frequency. The matching factor can be 

expressed as: 

𝜏 = 4𝑅𝑐𝑅𝑎|𝑍𝑐 + 𝑍𝑎|2                                                                               (2) 
where 𝑍𝑐 = 𝑅𝑐 + 𝑗𝑋𝑐  is the impedance of the RFID chip and 𝑍𝑎 = 𝑅𝑎 + 𝑗𝑋𝑎  is the tag 

antenna impedance. Full-wave electromagnetic simulations using CST 2017 for both mid and 

long range RFID tag antennas are performed as shown in Figure 2a and Figure 2b, 

respectively. As it can be seen, the tag antennas are conjugately matched to the RFID chip 
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impedance at around 900 MHz.  For commercial RFID tag applications, the read range at 

which the RFID reader can detect the backscattered signal from the tag is the most important 

tag performance indicator10,13. The reading range 𝑟 of a RFID system can be calculated by43, 

                                         𝑟 = 𝜆4𝜋 √𝑃𝑡𝐺𝑡𝐺𝑟𝜏𝑃𝑡ℎ                                              (3) 

where λ is the wavelength, Pt is the transmitted power from reader antenna, Gtis the gain of 

reader antenna, Gr is the gain of tag antenna, Pth is the minimum threshold of the power 

needed to active the RFID chip. The geometry dimensions of the prototype antennas are 

shown in Figure 2c and Figure 2d, respectively. The results of Eq (2) were calculated from 

the full wave simulated real and imaginary part of the tag antenna impedance. The measured 

read ranges of the prototypes were measured using commercially available Voyantic RFID 

Tagformance measurement system with EIRP=4 W. The simulated and measured results are 

displayed in Figure 2e. Before measurement, the system was calibrated and the effects of 

environments, cable and free-space loss were eliminated. The system swept linearly from 

860 MHz to 960 GHz with 1 MHz step for read range measurement. The mid-range printed 

graphene RFID prototype, can achieve 5 m read range in the whole RFID band and reaches 

around 6 m at 920 MHz, whilst the long range one can achieve up to 9 m read range. The 

measurement results demonstrate that the low cost, green production of GNP conductive ink 

printed RFID tag antennas can provide satisfactory performance in mid to long range 

applications. The results are comparable to those published works10,13.   
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Figure 2. GNP conductive ink screen printed RFID tags. (a) Simulated impedance 

matching for mid-range RFID tag; (b)Simulated impedance matching for long-range RFID 

tag; (c) Geometry dimensions and structures for GNP ink printed RFID tags; (d) GNP 

conductive ink screen printed RFID mid and long range tag prototypes; (e) Measured read 

ranges for the printed RFID mid and long range tag prototypes. 
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Figure 3. GNP conductive ink screen printed RFID reader antenna. (a) Printed graphene 

CP patch antenna structure; (b) Measured and simulated reflection coefficient of the GNP ink 

printed CP antenna; (c) Measured Axial Ratio of GNP ink printed CP antenna; (d)Measured 

realized gain of printed CP antenna; (e) Measurements of printed CP antenna prototype in 

microwave anechoic chamber; (f) Measured spinning linear radiation patterns at 900 MHz in 

the x–z ; (g)Measured spinning linear radiation patterns at 900 MHz in the y–z planes. 
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A reader antenna is essential in RFID system. RFID tag antennas receive the RF signal 

transmitted by the reader antenna and tag antennas are typically linearly polarized. A linearly 

polarized antenna only operates well and receives maximum power when the RFID tag 

antenna’s polarization matches the reader antenna’s polarization. Hence circularly polarized 

(CP) reader antennas are commonly used so that polarization mismatch can be eliminated. 

For a CP antenna, the axial ratio (AR) is crucially important. It is defined as the ratio 

between the minor and major axis of the polarization of the antenna. The ideal value of the 

axial ratio is 0 dB. Practically, AR below 3 dB is acceptable44,45. In this work, a GNP printed 

CP reader antenna has been designed, printed and characterized for the first time. 

The layout and characterization of the CP reader antenna is shown in Figure 3. The 

circular polarization is realized by exciting two orthogonal degenerate resonant modes in 

phase quadrature by truncating the two opposite corners of the square patch46.  The sides of 

the square patch (i.e.,  𝐿 = 𝑊 = 140 𝑚𝑚), and of ≈ 0.42  times of free-space wavelength at 

900 MHz. The corner of the square patch is truncated inwards by 22 mm at points A and B, 

left hand circular polarization is obtained at broadside. The antenna is fed by a 50 Ω SMA 

panel mount connector (RS Pro, 921-0219), shown in Figure 3a. The connector is connected 

to the radiating patch and the ground plane by conductive epoxy (Circuitworks, CW2400). 

The substrate is industrial grade rigid foam (ROHACELL, 71IG-F) with dielectric constant ~ ε = 1.08. The foam is of the same size as the ground plane (200 × 200  mm2), with a 

height of 15 mm. The antenna layout as well as the ground plane were GNP ink screen 

printed on normal A4 printing papers and stacked on both sides of the foam. The CP reader 

antenna was measured in the anechoic chamber. The measured reflection coefficient (S11)  

(using Vector Network Analyzer, Keysight E5071B), shown in Figure 3b, reveals that the 
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antenna resonates  at 950 MHz, with a −10 𝑑𝐵 bandwidth of 66 MHz (917 – 983 MHz, 

which implies that more than 90% power is radiated from the antenna in this band). Figure 3c 

shows the measured and simulated axial ratio in the broadside direction of the CP reader 

antenna. The minimum axial ratio is observed at 875 MHz with 2.21 dB. The measured 3-dB 

axial-ratio bandwidth shows 57 MHz (845–902 MHz) or about 10.4% with respect to 875 

MHz at which the minimum axial ratio is observed. The measured axial ratio is a slight shift 

from the simulated. This is most likely due to the parasitic inductance introduced by the 

feeding probe 47. Nevertheless, the performance of the CP reader antenna is still satisfactory 

and circular polarization operational frequency still lies in the RFID UHF band.  

There is a mismatch between the 3 𝑑𝐵 AR simulated and measured bands, which can be 

overcome by further optimization of the CP reader antenna design. In the simulation, the 

material is modelled as ohmic sheet of 1 Ω /sq. In the actual case, variations in sheet 

resistance will be caused by the exposed screen and also the ink deposition. In addition, the 

SMA connector is connected to the antenna using conductive epoxy, whereas the connection 

was set to be perfect in the simulation. The performance of the CP reader antenna is further 

studied by looking into the gain measurement and radiation patterns as shown in Figure 3d-

3g. The gain measurement was carried out by transfer gain method with a reference linear 

polarized antenna (HyperLOG 6080, 680 MHz−8 GHz). The gain of the reference antenna is 

known so the gain of the reader antenna can be obtained by Eq (4) and further calculated 

with a correction factor to account for the nature of the circular polarization as shown in  Eq 

(7) to compensate for the finite AR because practical antennas generate cross-polar power, 

which results in an elliptically polarized field pattern48.  

𝐺𝑎𝑖𝑛𝑅𝑒𝑐𝑒𝑖𝑣𝑒𝑟(𝑑𝐵) = 𝑆21(𝑑𝐵) − 𝑃𝐿(𝑑𝐵) − 𝐺𝑎𝑖𝑛𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑟(𝑑𝐵)                        (4) 
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𝑃𝐿(𝑑𝐵) = 20𝑙𝑜𝑔 ( 𝜆4𝜋𝑟)                                                                                                  (5) 

𝐺𝑎𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛(𝑑𝐵) = 20 𝑙𝑜𝑔 [0.5 (1 + 10−𝐴𝑅20 )] (𝑑𝐵)                                            (6) 

𝐺𝑎𝑖𝑛𝐴𝑈𝑇(𝑑𝐵𝑖𝑐) = 𝐺𝑎𝑖𝑛(𝑑𝐵) + 3 𝑑𝐵 + 𝐺𝑎𝑖𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛(𝑑𝐵)                                  (7) 

From Figure 3d it can be observed that the peak gain of 2.63 dBic occurs at 902 MHz, 

and above 0 dBic between 842 MHz and 962 MHz, covering most RFID bands, especially  

865-868 and 902-928 MHz. The effective radiation is verified by far field radiation pattern 

measurement performed in anechoic chamber with a rotary table tripod (Diamond 

Engineering, D6000) and measured with Diamond Engineering antenna measurement system. 

The radiation patterns on x-y plane and y-z plane have been obtained. The measurements are 

performed at a 10 degrees step and normalized with maximum received power. The zero 

degree corresponds to the direction normal to the CP reader antenna. The results agree well 

with the simulated radiation patterns in the x-y plane and y-z plane, the minor mismatch and 

slight asymmetry in the back lobe are considered due to the presence of the SMA cables in 

the back. The radiation patterns are of typical shape of a patch antenna with the main beam 

radiating outwards from the radiation patch and a nominal back lobe from the antenna ground. 

Comparisons between this work against commercial UHF RFID antennas and research works 

are given in Supporting Information Table S1 (Tags) and Table S2 (Reader antenna). 

Advantages and disadvantages of metal and GNP printed tag antennas are provided in 

Supporting Information Table S3. In short, the GNP printed RFID antennas provide a low 

cost, environmentally friendly alternative fabrication method and material to the traditional 

metal RFID antennas with satisfactory performance.    
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3.4. Machine learning enabled GNP conductive ink printed RFID for sensing unidentified 

liquids 

      UHF RFID tag antenna inspired by square split ring resonator structure from previous 

work is used as the sensing structure49. Resonator structures with slots are very appropriate 

for fluidics-based sensing as loading the slot with dielectric materials with different 

permittivity ε will change its capacitance50. The electrochemical and electro physical 

properties of liquids (e.g., molecules and ions in the material) affect material dielectric 

permittivity hence the ability to store surrounding electromagnetic field is different for 

different liquids51. When a centrifuge tube filled with a liquid is placed in the slots of the 

RFID resonator tag, as shown in Figure 4a, the electromagnetic field of the RFID tag is 

affected due to the coupling fields and proximity effects. This can be clearly observed in the 

electric field strength shown in Figure 4b. The electric field is very strong in the slots of the 

resonator ring without tube loading (Top of Figure 4b), but when a tube filled with dielectric 

liquid, such as solvent, is placed on the top and in the middle of the ring, as shown in Figure 

4a, the electric field strength becomes much weaker due to the dielectric loss and mismatch. 

The RF receiver at the RFID reader can retrieve the backscattered signal waveform hence the 

backscattered power and phase can be analyzed. Same as electric field strength, the 

backscattered power will suffer from dielectric loss and electromagnetic absorption by the 

solvents52,53. It has been reported that the backscattered phase change from the RFID tag can 

be used to analyze humidity change when layered with humidity sensitive material GO31 and 

food contamination when attached to packaging51. Most commercial RFID readers can 

perform this because RFID readers perform fully coherent detection and are capable of 

recovering the baseband phase of the coherently demodulated backscattered signal54,55. 
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Hence, RF measurement data such as electric field strength, backscattered power and 

backscattered phase can be extracted for sensing purposes. 

 

Figure 4. Machine learning enabled battery-free wireless RFID Sensing system for 

liquid classification application. (a) Printed sensor tag and reader antenna RFID sensing 

system setup; (b) Electric field of the printed sensor tag, top: no liquid tube, bottom: liquid 

tube loaded; (c) GNP ink Printed sensor tag antenna prototype and dimensions; (d)3D 

illustration of 3-dimensional training data range (described by box with different colors) and 

test data (filled color dots); (e) Training record using scaled conjugate gradient 
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backpropagation, top: Gradient approaching of 20 epochs, bottom: validation check of 20 

epochs; (f) Confusion matrixes for self-validation of training data and evaluation of test data.  

However, the variation of backscattered phase for different loaded liquids (or indeed 

other parameters) is normally very weak and measurements with one parameter for different 

liquids can fall into the same small range51. The classification task becomes all the more 

difficult for identifying multiple objects based on just one parameter hence the necessity to 

introduce machine learning with the ability to train with more parameters and accurately 

identify the patterns even with small variations.    

Machine learning has emerged as the method of choice for developing applications that 

provide systems the ability to access data and automatically learn and improve from training 

experience without being statistics programmed56. Machine leaning has different frameworks 

based on different algorithms such as Feed-forward Neural Networks (FNN), Support Vector 

Machines (SVM) and Adaptive Boosting (Adaboost)57. Back propagation (BP) pattern 

recognition neural networks is a type of FNN that can be trained to classify input patterns 

according to target classes by back-propagating errors from one network layer to another so 

to adjust and amend the network and finally approaches minimum error and the correct 

output58. A neural network can consist of a series of layers to solve the input-output mapping 

problem. Each subsequent layer has a connection from the previous layer. The data are fed 

through the network and the network’s output is produced as the predicted pattern of the 

input data59.  

The ability to identify an unlabeled colorless transparent liquid is of essential usefulness 

to chemical and medical disposal to prevent hazards. In our experiment, 50 mL centrifuge 
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tube (VWR) are filled with 7 different colorless transparent solvents including Deionized (DI) 

water, N-Methyl-2-pyrrolidone (NMP), Acetone, Glycerol, Ethanol, Ethylene glycol (MEG), 

Isopropyl alcohol (IPA). GNP ink printed RFID tag antenna, shown in Figure 4c, was used 

and loaded with the centrifuge tubes. For each solvent, 50 data sets were measured with 

Voyantic RFID measurement system and recorded including electric field strength, 

backscattered power and backscattered phase. Inputs are 3-element vectors corresponding to 

the 3 input data values (electric field strength, backscattered power and backscattered phase). 

The number of output neurons is set to 7, which is equal to the number of elements in the 

target vector (the number of categories), corresponding to 7 different solvents (Deionized (DI) 

water, N-Methyl-2-pyrrolidone (NMP), Acetone, Glycerol, Ethanol, Ethylene glycol (MEG), 

Isopropyl alcohol (IPA)). 

These data were fed into the neural network for machine learning to determine the content 

filled in the tube. 350 input data sets in total were randomized, as shown in the 3D mapping 

grid in Figure 4d, the squares represent the range of the training data, and the dots represent 

the test data. It can be seen that some test data is outside of the range, and some data is 

mixing with each other, e.g. MEG, Ethanol and Acetone. The three dimension data can 

increase the cross-checking accuracy however the scattered non-linear 3D data would be too 

difficult for classification task with a weak classifier operating on basic inequality operators60. 

Hence,  a two-layer BP feedforward network, with a sigmoid transfer function in the hidden 

layer, and a softmax transfer function in the output layer, trained with scaled conjugate 

gradient backpropagation were used to process the data. To achieve better recognition and 

classification, the hidden layer has been set to 20.  

Among the 350 input data sets, 105 data sets (30%) were used for training and 35 data 

sets (10%) were for validation of the training, and the rest 210 data sets (60%) were to blind 

test the performance. It can be seen from the training state shown in Figure 4e, according to 

scaled conjugate gradient descent, the gradient performance reduces from 0.328 to 0.00238 
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after 20 epochs. The validation checks only fail 3 times in all 20 epochs, and reach to zero at 

the end. From the confusion matrix depicted in Figure 4f, the accuracy can reach 100% at the 

end for all predictions. This means after training, when a centrifuge tube filled with an 

unknown solvent is placed on the RFID tag, it can be distinguished clearly and labelled. K-

nearest neighbor (KNN) method and Support Vector Machines (SVM) were also 

implemented for comparisons. The accuracy for KNN ranges from 90% to 96% using 

Minkowski metric, depending on the neighbor size (2 to 10). The accuracy for SVM using 

One-against-all (OAA) strategy with Polynomial kernel ranges from 88% to 97%, depending 

largely on weight penalty (0.1 to 20). The trained BP neural network can reach 100% 

accuracy with 20 hidden layers. It is preferable that higher accuracy should be used in 

wireless sensing applications. This wireless battery-free RFID sensing for liquid 

classification has huge potential in chemical detection and medical healthcare, where the 

heavy use of solvents and liquid chemicals takes place. The mechanism can be even 

popularized to every aspect of life that has potential requirement for wireless sensing, such as 

orientation and localization, structural health and environmental monitoring. Combining BP 

neural network with RFID resonator tag, printed by scalable, cheap and green processible 

GNP conductive ink, affordable and omnipresent RFID wireless sensing applications could 

be  in sight for everyday use.  

 

4. Conclusions 

      In conclusion, this work demonstrates that screen printing GNP conductive ink prepared 

by low-boiling point IPA-water mixture without solvent exchange can have high 

conductivity and be used to print low-cost and flexible RFID tag and reader antennas for 
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classification sensing applications. Without the need of using toxic or high boiling point 

solvents, the process is green, easy and low cost. The GNP conductive ink printed RFID tag 

and reader antennas can provide the required functionalities. The mid and long range RFID 

tag can provide 6 m and 9 m read range, respectively. CP reader antenna has 3-dB axial-ratio 

bandwidth of 57 MHz (845–902 MHz), and peak gain of 2.63 dBic.  Furthermore, low cost 

RFID solvent classification sensing system has been proposed and verified experimentally 

for labelling and identifying transparent and colorless liquids, showing 100% accuracy with 

the aid of screen printed RFID resonator tag and neural network machine learning.  This low 

cost classification sensing system can be of vast use to medical and chemical related works 

and have potential to be used in IoT wireless sensing for a great diversity of applications such 

as structural health and food safety monitoring. Overall, this work demonstrates that the GNP 

conductive ink prepared by low cost, low boiling point, green and low toxicity mixed solvent 

of IPA-water without any solvent exchange can provide satisfactory performance in screen 

printing RFID antennas for low cost classification sensing system and has the potential to 

replace carbon based conductive ink prepared using expensive, toxic, and high boiling point 

solvents.  
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