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Abstract 

Inductor-capacitor (LC) resonant sensors can provide low-cost, contactless measurement in 

closed environments. In this work, three fabrication methods to produce flexible LC sensors are 

compared: screen-printed pastes, etched copper-coated polyimide, and wound metal wires. 

The LC sensors were interrogated by near-field coupled antennas driven by a vector network 

analyzer. The sensor response was analyzed by extracting the resonant frequency (MHz) and 

the peak-to-peak amplitude (dB) of the S21 scattering parameter. For screen-printed resonators, 

varying parameters such as print feature size (250 to 500 μm), conductive paste silver content 

(DuPont PE825 and 5028 for low and high silver content, respectively), curing condition 

(convection oven temperature and curing time), and paste viscosity (7.20 – 20.05 Pa∙s) were 

explored. An empirical model was fit to this data to allow for prediction of required sensor line 

thickness needed to meet an application’s required step-off distance. The screen-printed 

resonant sensors were then compared to copper-etched and wound metal wires to evaluate 

the cost and performance tradeoff of the three fabrication approaches. Finally, a use case of 

the flexible, screen-printed resonant sensors was demonstrated by contact-free measurement 

of fluid level of in a closed, curved container.  
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Introduction 

Flexible inductive-capacitive (LC) resonant sensors are an attractive, cost-effective 

solution to contact-free monitoring within closed systems. They have been used for measuring 

temperature1–5, pressure1,3–5, humidity3–6, flow rate7, chemical8–11 and biological12–15 parameters 

in industrial and medical applications.3,16,17 LC sensors are interrogated by external antennas to 

measure changes in their scattering parameters via an interfaced vector network analyzer.18 

They have the added advantage of a passive architecture, with no on board power supply; 

instead, they are powered via near-field coupling with a vector network analyzer (VNA) and 

interrogation antennas.19 Optimizing the quality of sensor design and materials is needed to 

achieve maximum step-off distance. 

 A few established, manufacturing approaches can be used for flexible LC sensors. First, 

copper-coated flexible substrates can be etched7,10,15,20–22; however, this method requires 

additional manufacturing steps for masking the pattern and handling etchant waste.23,24  

Second, screen printing LC sensors directly from conductive inks can be used for fast fabrication 

and can be directly printed on diverse substrates, such as silk25, which would expand the use of 

LC sensors in wearable application. A third approach is patterning annealed wire, especially into 

fabrics to make RF devices.26,27  These three methods all offer potential for LC sensor design but 

have yet been compared for their effectiveness in LC sensor performance. 

This study demonstrates the effect of three fabrication methods on the signal quality of 

LC sensors: screen printing, etching, and wound metal wires of varying pure metals. For screen-

printed sensors, screen feature size (250 to 500 μm), conductive paste silver content (DuPont 

PE825 and 5028 for low and high silver content, respectively), curing temperature, and 

substrate type (polyethylene terephthalate (PET) vs. polyimide (Kapton®)) are explored. Etched 

LC resonant sensors are made from copper coated polyimide (Pyralux®) and wound wire sensors 

are made from silver, gold, copper, and iron wires. The resonant frequency, peak-to-peak 

amplitude of S21 magnitude, and quality factor of the screen-printed sensors are evaluated. For 

sensor performance, the step-off distance and the sensitivity of frequency shift upon dielectric 

change were investigated and compared between the fabrication methods and materials. The 
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utility of an optimized, screen-printed LC sensor is then demonstrated by sensing the fluid level 

in a closed, curved vessel. 

Results and Discussion 

The Archimedean spiral resonators were designed and fabricated using three methods: 

1) screen-printing conductive silver paste, 2) etching Pyralux® as described before15, 3) and 

embedding wires in a laser-cut acrylic sheet (Figure 1). The initial part of this study is focused on 

screen printing the spiral inductor on flexible temperature tolerant PET (Melinex ST505) 

substrate using either low or high silver micro-flake conductive paste (DuPont PE825 and 5028 

respectively). A screen containing varied trace line widths (250 to 500 μm in 50 μm intervals) 

was designed (Supplement 1). The sensor inner diameter, outer diameter, pitch, and overall 

trace length were all held constant (7 mm, 40 mm, 1.2 mm, and 1015.3 mm respectively). The 

pitch is defined as the conductive trace line width plus the spacing between lines; thus, as the 

line width increases, the spacing between conductive lines decreases. The curing conditions for 

the screen-printed samples were investigated (Supplement 2) and 110°C for 15 minutes was 

chosen as the curing condition for all the samples in this study. Other screen printing 

parameters such as the effect of silver content in the two pastes (low and high Ag paste) and 

silver paste viscosity (7.2 – 20.05 Pa∙s) on the sensor performance were also studied 

(Supplement 3). In brief, lower viscosities resulted in smaller peak-to-peak amplitudes than 

higher viscosities and the resonant frequency was independent of the ink viscosity.  

 The sensor was interrogated by two coplanar antennas connected to a two-port VNA 

(Figure 2a). The antennas generate local electromagnetic fields when excited by the VNA. When 

the sensor is in close proximity with the antennas, coupling occurs and energy can be 

transferred to, and stored in, the sensor circuit. The energy is stored efficiently only at a narrow 

band of frequency, and the frequency where the most energy is stored is the resonant 

frequency, which is dependent on both the sensor geometry and the effective permittivity of 

the environment. The VNA measures the two-port scattering parameters (S-parameters) of the 

sensor. When measuring S11, one reader antenna is used to measure reflected energy, and the 

resonance is identified by a trough in the magnitude of S11. When evaluating S21, a second 

reader antenna measures the energy transmitted through the coupled system. A symmetric 
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peak and trough in the magnitude of S21 are observed due to resonance; the sensor stores more 

energy from the excitation antenna near the trough frequency and the coupled, second 

measuring antenna receives more energy around the peak frequency.28 We define the peak S21 

frequency as the resonant frequency (aligns with the trough of S11, see supplement 4) and 

monitor it as the sensor response in this work. Interrogating via S21 has a few advantages, 

namely 1) a non-symmetric response profile when used in co-planar mode that allows for 

position determination (and thus normalization of signal based on position20), 2) greater 

interrogation volume for an LC sensor, especially when placed on either side of the sensor7, and 

3) improved read range by tuning null mutual induction (the magnetic fluxes between the 

overlap area and non-overlap areas were equalized) at a specified frequency, such as a 40.68 

MHz ISM band29. 

For both S11 and S21, the resonant frequency is dependent on the effective permittivity 

of the surrounding and the sensor geometry, whereas the magnitude of S-parameters at the 

resonant frequency is dependent on the conductivity of the environment as well as the 

effective resistance of the sensor10.  Changes in these signals are captured and recorded via the 

VNA with custom python scripts (Supplement 5). An example of signal shift when the sensor is 

exposed to air (control) and deionized water is shown in Figure 2b (solid lines). The shift in the 

peak resonant frequency (arrow in Figure 2b) is caused by changing the relative permittivity of 

sensor medium from εr,air = 1 to εr,water = 80.  

We simulated the resonant sensor-reader system in Ansys HFSS to observe the electric 

field of the coupled system and confirm the out of plane sensitivity (Figure 2c). From simulation 

the electric field extends up to 2.6 cm and 1.8 cm in the Z direction (99% electric field 

magnitude) at the center and edge of the spiral resonator, respectively. The high electric field 

region indicates a higher sensitivity towards the surrounding permittivity. The experimental S21 

signal is in fair agreement with the simulated results for the resonant sensor exposed to air 

(control) and deionized water (5 cm depth) above the resonator (dash lines in Figure 2b). The 

difference in frequency between the experimental and simulation results can be attributed to 

the slight difference in effective permittivity of the environment; whereas the difference in the 

magnitude of S21 can be attributed to the mixture of silver and organic blends (e.g. dibasic ester 
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solvent) in experiment and pure silver in simulation. Seeing these discrepancies between 

simulation and experiment, we further explored the effect of manufacturing method and 

material on the resonant sensor response. The sensor performance was quantified by 

measuring the 1) resonant frequency, 2) peak-to-peak amplitude, and 3) shift in resonant 

frequency upon change in dielectric (air to water), which are all depicted in the example sensor 

responses (Figure 2b and d); these values are extracted from the raw S21 magnitude data using 

custom MATLAB scripts (Supplement 6).  

The width distribution of the screen-printed samples was analyzed using a digital 

microscope (Olympus DSX110) to correlate the manufactured screen width and measured print 

width (Supplement 7 and 8). This technique is useful to rapidly quantify the actual print 

dimensions as screen printing results can vary based on screen material, pressure, and printer 

used. A linear correlation between the measured print width and the screen width for high and 

low silver paste is shown in Eq. 1 (R2 = 0.97) and Eq. 2 (R2 = 0.68), respectively. Lower R-squared 

value obtained for the low silver was due to the higher deviation in 450 μm screen width 

samples. 

𝐻𝐻𝐻𝐻𝐻𝐻ℎ 𝐴𝐴𝐴𝐴:  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ (𝜇𝜇𝜇𝜇) = 1.10 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ (𝜇𝜇𝜇𝜇) + 47.4 (1) 

𝐿𝐿𝐿𝐿𝐿𝐿 𝐴𝐴𝐴𝐴: 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ (𝜇𝜇𝜇𝜇) = 0.81 ∗ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ (𝜇𝜇𝜇𝜇) + 200 (2) 

Screen widths below 250 μm were found to result in a higher failure rate with these 

commercial pastes (Supplement 9). The resolution of prints, though, is dependent on the 

properties of paste, substrate, and screen. For instance, Hyun et al. achieved a smaller feature, 

22 μm print resolution using a fine-scale silicon stencil with 5 μm print features.30 In another 

instance, Erath et al. reported the ability to further tune the resolution through substrate 

temperature.31 Assessing the print variation from our screens across a single LC sensor, we 

observe a tight, normal distribution of width across the entire print length. Such uniformity is 

necessary to ensure that the calibration curve (spectral shift upon given change of target 

environmental variable or analyte) remains constant. Using a thickness gauge, the height of the 

screen-printed samples was determined to range between 7 to 15 μm, independent of the 

screen width. 
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For the screen-printed resonant sensors, we next measured the effect of silver content 

and screen line width on the sensor start frequency and peak to peak variability; the screen line 

width was incremented between 250 and 500 μm at 50 μm intervals; the low and high silver 

content pastes were used at a manufacturer-recommended viscosity of 10 Pa·s (Supplement 3). 

The resonant frequencies of the sensors remained within the small spectral window of 85.4 – 

90.7 MHz regardless of the screen width of the inductor and paste type (Figure 3a); this is true 

except for the smaller screen widths of 250 and 300 μm. We hypothesize this larger variation is 

due to a larger number of defects and cracks in the lower resolution print which would cause a 

greater variation in start frequency based on our physical understanding of an LC sensor (vide 

infra).  Additionally, we observe a larger dependence on peak-to-peak amplitude to screen 

width and silver content (Figure 3b), again observing greater variation in the smaller screen 

feature sizes.  

We expect the resonant frequency to decrease with increasing screen width as the 

resonant frequency of the sensor is inversely related to the inductance and capacitance of the 

LC sensor (Eq. 3):29  

 fSR =
1

2π√LC
 (3) 

 

The width of the planar spiral inductors has a negligible effect on the inductance.32 The 

self-capacitance, however, is expected to increase with increasing screen width, due to a 

decrease in the spacing between spiral lines, and subsequently decrease the resonant 

frequency. This trend was not observed for most of the screen widths since the height of the 

sensor is small; tightening the gap in between traces would have a smaller impact on the 

capacitance (Supplement 10). Using HFSS modeling, we observed a decrease in the resonant 

frequency (2.1 MHz) when changing the width from 0.2 mm to 0.6 mm (Supplement 11). This 

further confirms that the change in resonant frequency with changing screen width is small. 

These observations were also confirmed using empirical equations that predict the resonant 

frequency of Archimedean spirals (Supplement 12).33 However, the peak-to-peak amplitude is 

impacted by the effective resistance within the sensor itself and the conductivity of the 
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surroundings. Increasing the screen width reduces the effective resistance and therefore 

increases the peak-to-peak amplitude (also observed from simulation). Moreover, higher silver 

content increases the conductivity of the silver paste, which again cause a decrement in the 

effective resistance and increases the peak-to-peak amplitude (Supplement 10). To investigate 

the flexibility of the sensors, the screen-printed and etched samples were bent and wrapped 

around an object of 1 cm diameter. Results showed that the signals remained relatively 

constant after unfolding (Supplement 13, low <100kHz level noise), with greater noise detected 

in the screen printed sensors vs. etched sensors. For a use case where bending occurs between 

measurements, the sensor response would need to be large (>1 MHz) to overcome this added 

system noise (see fluid level sensor in Figure 5 as an example of an LC sensor with large 

frequency response).   

The screen printed LC sensors were also characterized by carefully measuring the 2-port 

scattering parameters using a custom coil characterization board that allows for direct coupling 

to the circuit (Supplement 14); the resistance and inductance values were then extracted for 

each sample using the one-port impedance parameter (Z11) of a simple series resistor-inductor 

lumped model of the coil, at the minimum frequency of the VNA (300 kHz). For both high and 

low silver content samples, the resistance decreased as the screen width increased. As 

mentioned earlier, this result is reasonable since the resistance is inversely related with the 

cross-sectional area of the conductive line (Figure 3c). Moreover, the samples printed with high 

silver conductive paste demonstrate a lower resistance compared to the samples printed using 

low silver, regardless of the screen width, which is again due to the higher silver content of 

paste 5028. Notably, the quality factor (Q-factor) of an inductor in its operating angular 

frequency (ω = 2πf) is defined as the ratio of reactance to resistance:  

 𝑄𝑄 =
ω L
𝑅𝑅

 (4) 

 

In which L and R are the effective inductance and resistance of the coil, respectively. Therefore, 

the Q-factor for the screen-printed samples increased with the higher silver content and larger 

screen width (Figure 3d). A large Q-factor is a critical property of resonant sensors since it is 



8 
 

inversely proportional to bandwidth, and results in greater amplitudes at the resonant 

frequency as well as smaller bandwidth; this means the signal is easier to identify with an 

automated algorithm and can be more readily multiplexed with other sensors in different 

spectral windows. Resistance is inversely related to the spiral width (R ~ 1/A in which A is the 

cross-sectional area of the spiral inductor) and the Q-factor is directly proportional to the width 

of the spiral inductor (Q ~ 1/R based on Eq. 4). Thus, a function of form α/w and β∙w is fit to the 

data for resistance (Eq. 5 for low Ag and Eq. 6 for high Ag) and Q-factor (Eq. 7 for low Ag and Eq. 

8 for high Ag) respectively, with suitable coefficients of determination (R2 = 0.97, 0.92, 0.86, 

0.89 respectively). The 250 μm screen width was not included due to the line breaks in the 

printed resonator (Supplement 9).  

 

 𝑅𝑅 (Ω) = 107000(
1

𝑤𝑤 (µ𝑚𝑚)
) (5) 

 𝑅𝑅 (Ω) = 50000(
1

𝑤𝑤 (µ𝑚𝑚)
) (6) 

 𝑄𝑄𝑓𝑓 = 4.2 × 10−5𝑤𝑤 (µ𝑚𝑚) (7) 

 𝑄𝑄𝑓𝑓 = 9.7 × 10−5𝑤𝑤 (µ𝑚𝑚) (8) 

 

Next, the effect of silver content and line width on sensor read range and sensitivity was 

evaluated; First, the peak-to-peak amplitude of the transmission coefficient is measured at 0 to 

5 cm step-off distances (vertical distance between reader antenna and spiral inductor) with 0.5 

cm intervals (Supplement 15).  The larger the magnitude of peak-to-peak amplitude, the easier 

it is for an automated algorithm to find the resonant peak, especially when using a lower-cost 

portable VNA.10,20 Higher silver content and larger line widths result in reduced spiral 

resistances and larger peak-to-peak amplitudes (Supplement 16). We fit this data to an 

empirical model to correlate the peak-to-peak amplitude of the forward transmission 

magnitude to the screen width of the spiral (w) and LC sensor-reader antenna step-off distance 

(d) for low (Eq. 9, R2=0.92) and high (Eq. 10, R2=0.89) silver content pastes. Using these 

equations with the screen width (w) to actual measured print width (p) transfer functions (Eqs. 

1,2), the required width of the printed sensor for the low or high silver paste can be determined 
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based on the sensor’s anticipated step-off distance in the given application and minimum 

detectable magnitude of the VNA (0.15 dB for the portable Copper Mountain VNA we use in 

this study, 0.5 dB for the lower cost MetroVNA used previously).10,20 For instance, an LC sensor 

which is required to operate at 3 cm step-off distance from a reader antenna connected to a 

MetroVNA (with minimum detectable magnitude of 0.5 dB), should be designed to have a 

minimum print width of 426 µm and 51 µm for low and high silver paste, respectively.  

𝑙𝑙𝑙𝑙𝑙𝑙 𝐴𝐴𝐴𝐴: 𝐴𝐴𝐴𝐴𝐴𝐴 (𝑑𝑑𝑑𝑑) = (0.0394𝑤𝑤 (µ𝑚𝑚) + 0.394)exp (−1.042𝑑𝑑 (𝑐𝑐𝑐𝑐)) (9) 

𝐻𝐻𝐻𝐻𝐻𝐻ℎ 𝐴𝐴𝐴𝐴: 𝐴𝐴𝐴𝐴𝐴𝐴 (𝑑𝑑𝑑𝑑) = (0.0514𝑤𝑤 (µ𝑚𝑚) + 8.802)exp (−0.962𝑑𝑑 (𝑐𝑐𝑐𝑐)) (10) 

Next, the shift in sensor resonant frequency in response to the addition of deionized 

water above the sensor (5 cm depth to fully saturate the signal) was measured and compared 

for varying print line widths of high and low silver pastes (Supplement 15). A control 

experiment was also run to confirm that this observed frequency shift occurred only due to a 

change in environment permittivity affecting the sensor and not the interrogation antennas 

(Supplement 17). It was observed that, in general, the silver content of the conductive paste or 

the screen width does not have a major effect on the frequency shift (Supplement 18). This can 

be explained via Eq. 3 in which the resonant frequency of the sensor is dependent on the 

capacitance and inductance. As mentioned above, neither the screen width nor the silver 

content has a major impact on the inductance of the LC sensor. Furthermore, the change in the 

capacitance is negligible since the effective permittivity of the environment (water, substrate, 

silver paste, etc.) is relatively consistent for all screen-printed samples (high silver 250 and 300 

μm excluded). Therefore, the variations in the resonant frequency shift caused by changing the 

sensor feature width can be neglected.  

The screen-printed resonant sensors were then compared to two other methods of 

manufacturing, copper-etched and wound pure metal wires, in order to bench-mark cost and 

performance tradeoff of these three techniques.  First, the step-off distance test was conducted 

to measure the peak-to-peak amplitude in the range of 0 to 5 cm for each method (Figure 4a). 

It was observed that the etched resonant sensors have significantly higher peak-to-peak 

amplitude, followed by copper wire, silver wire, gold wire, cobalt wire, high silver screen-
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printed, iron wire, and low silver screen-printed. As expected, the peak-to-peak amplitude has a 

direct relationship with the conductivity of the metal wire. Higher peak-to-peak amplitude in 

the etched samples than the copper metal wire can be explained by the larger trace cross-

sectional area of the etched samples (0.018 mm2) vs. the wire area (0.008 mm2), resulting in a 

lower effective resistance. The peak-to-peak amplitude variation observed is therefore a 

combined effect from the materials and the cross-sectional area of the trace fabricated using 

different methods. It is also important to note that the peak-to-peak amplitude of the screen-

printed samples are easily detectable (3-fold greater than noise threshold) up to a 2 cm reader-

sensor distance. This signal threshold can be further reduced by improving the signal-to-noise 

ratio through impedance matching or further improvements in the reader; this study provides 

an estimate of relative detectable signal between different fabrication strategies.  

Next, the resonant frequency shift caused by the addition of water was measured and 

the sensor response (Δ resonant frequency) was dependent on the fabrication method (etched, 

screen printed, and wound metal wire) (Figure 4a insert); however, there was not a significant 

difference observed in the resonant frequency shift when comparing different wound metal 

wires (copper: 7.61 (MHz), silver: 7.71 (MHz), gold: 7.47 (MHz), cobalt: 7.85 (MHz), iron: 7.80 

(MHz)) or the screen-printed resonator fabricated with varying silver content paste (11.16 and 

11.49 (MHz) for high and low silver, respectively), as discussed in Supplement 18. This 

observation can be attributed to two distinct cross-sectional profiles resulting from the three 

fabrication methods: circular cross-sections with curved edges from wound wires and flat 

rectangular profiles with planar edges from etched and printed; additionally, the three methods 

use different substrates (acrylic, PET, and polyimide). It appears that the planar edged 

geometry (screen printed and etched) have a greater susceptibility to permittivity change, 

resulting in a greater frequency shift for the same environmental change among these samples 

tested. Regarding the embedded metal wires, varying the type of material mainly changes the 

conductivity and effective resistance of the sensor, and therefore the peak-to-peak amplitude 

(which, again, has a direct impact on the distance at which the sensor can be interrogated). This 

is also confirmed by HFSS simulation, as shown in Figure 4b.  
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In addition to signal quality, there are multiple parameters that need to be taken into 

consideration to choose the best approach for fabrication of LC sensors such as material cost, 

fabrication time, achievable resolution, etc. These have been mapped for the eight candidate 

methods and materials used in this study (Table 1).  Winding metal wire from pure, thin-

diameter materials is a relatively expensive method of fabrication but could be reduced as less 

pure (especially copper) materials are used. Screen printing is the lowest cost method studied 

here, and could be further reduced with less expensive, copper-based pastes. However, copper 

paste cannot be thermally cured in a standard oven (due to oxidation) and therefore requires 

an alternative curing method such as photonic sintering.34–37 Etching provides a good signal 

quality but is relatively more expensive in terms of fabrication time and cost compared to 

screen printing. One advantage of etching, however, is the ability to directly write a mask (using 

an XY-plotter) rather than waiting for a screen to be produced. The resolution of the etching 

method used in this study is mainly limited by the thickness of the mask drawn by the XY-

plotter. Different patterning techniques can be used to obtain a better resolution, such as 

photolithography. However, this comes with added fabrication time and cost, and the resulting 

finer trace width can result in reduced signal quality due to increased resistance. Benefits of 

screen-printing include that it is well-suited for mass production and, as long as the peak-to-

peak amplitude is beyond the acceptable threshold of its intended application, this fabrication 

method provides a significant economic advantage over the other methods.  

To further illustrate the performance of these methods, we provide an illustrative 

example of screen-printed sensors in a real use case scenario. Three resonators are screen-

printed (high silver paste and 400 μm screen width), on PET, thermally cured and affixed via 

transfer tape to the outside of a bottle to measure the fluid height in the vessel (Figure 5a). The 

length of the resonators was designed such that they each have distinct and detectable 

resonant frequencies (Figure 5b). A two-loop reader antenna connected to the VNA was placed 

in close proximity (1 cm step-off distance) of the sensors (Figure 5a). The resonant frequency 

shift of these sensors were measured for increasing (solid lines) and decreasing (dash lines) 

deionized water level up to 15 cm with 1.25 cm interval (Figure 5c). The resonant frequency 

drops with increasing water level since the local capacitance increases due to a change in the 
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effective permittivity of the sensor medium. This highlights how such sensors could be printed 

on packaging to measure changes in dielectric properties, such as increase in water content. 

Conclusion 

Resonant sensors were screen-printed using high and low silver content paste with 

screen widths ranging from 250 – 500 μm. The printed width of the samples has a linear 

relationship with the screen width for the high and low silver (Eq. 1 and 2). The relationship 

between screen width and the resistance and quality factor of sensor is shown in Eq. 5-8. The 

dependence of resonant frequency of the sensors on the screen feature width is considered 

negligible whereas the peak-to-peak amplitude has a linear relationship with the screen feature 

width due to the lower effective resistance of a larger trace width. On the signal quality 

perspective, a relationship was found for the magnitude of S21 in terms of screen feature width 

and step-off distance for low and high silver pastes (Eq. 9 and 10). The shift in resonant 

frequency, on the other hand, is independent of the screen width. The resonant frequency was 

independent of the viscosity (in the range of 7.20 – 20.05 Pa·s), whereas the peak-to-peak 

amplitude increases with increasing viscosity due to the higher content of conductive silver 

particles, giving better conduction. The screen-printing fabrication method was then compared 

to the etching and wound wire methods in terms of sensor quality and capability to mass 

produce. The response of the sensor’s resonant frequency to the environment was found to be 

dependent on fabrication method whereas the peak-to-peak amplitude was dependent on the 

material’s conductivity and the trace cross-sectional area that the fabrication method yields. In 

terms of mass production, screen-printing fabrication method provides a strong advantage in 

terms of material and time costs. Finally, an example application of the screen-printed sensors 

was demonstrated by sensing water level through a curved, plastic vessel. 

Screen printing has the added advantage of directly printing the sensor on the substrate 

of interest conveniently and inexpensively. This could lead to many useful applications. For 

instance, resonant sensors could be printed directly on fabrics to monitor body fluids and 

temperature or they could be embedded directly into bandage materials. There is also room for 

further signal quality improvement by using new, screen-printable paste formulations with 
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reduced resistance and employing more advanced printing methods such as aligning multiple 

layers to increase the height of the sensor. 

Figures and Tables 

 

Figure 1. a) Schematic diagram of three fabrication processes for resonant sensors used in this work (i) screen 

printing, (ii) Pyralux® copper etching , and (iii) winding metal wire into laser-cut acrylic; b) Optical micrograph of (i) 

screen-printed resonant sensor, (ii) etched, and (iii) metal-wire; (scale bar = 10 mm).  
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Figure 2. a) Schematic of the resonant sensor system consisting of an open-circuit Archimedean spiral LC sensor 

and an external reading antenna connected to a vector network analyzer (VNA); b) Simulated and experimental 

sensor response when exposed to air and DI water (the arrow shows the shift in the resonant frequency upon 

change in the local permittivity); c) Side view of the electric field simulation of the sensor energized by VNA 

depicting regions of maximum coupling or power transmission (insert graph is the top view of sensor on the two 

loop reader antenna); d) Example empirical data of an LC sensor transmission magnitude response with resonant 

frequency and peak-to-peak amplitude annotated. 
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Figure 3. Effect of the conductive paste silver content and screen width on a) resonant frequency and b) peak-to-

peak amplitude for n>17 samples per paste and width. Coil characterization board was used to measure 2-port S-

parameters on VNA in order to measure the c) R and; d) Q-factor of resonant sensors. The dash lines are the 

empirical fits (Eq. 5-8). 
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 Figure 4. a) Comparison of different fabrication methods of resonant sensors in response to vertical distance 

between the spiral inductor and reading antenna. The insert demonstrates the sensor response to 5 cm DI water 

above the sensor; b) simulated and experimental transmission loss signals for varying metal wires.  
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Figure 5. Wireless detection of water level using screen-printed resonant sensors. a) setup of the sensing system 

showing three resonators and two-loop reader antenna; b) example of S21 sensor response showing initial self-

resonant frequencies of the resonators (water level = 0 cm); c) shift in the resonant frequency of the sensors due 

to change in the fluid level inside the water bottle. 

 

Table 1. Comparison of different fabrication methods of resonant sensors in terms of material cost, fabrication 

time, and minimum feature size, and maximum sensor-reader step-off distance.  

Method Material cost 
($)/unit) 

Fabrication time 
(min/unit) 

Approximate resolution 
(μm) 

Maximum step-off 
(cm) 

Copper 
Etching 2.96 30 400 4 

Copper Wire 0.25 30 100 4 

Silver Wire 19.25 30 100 4 

Gold Wire 41.95 30 100 4 

Cobalt Wire 71.75 30 100 4 

Iron Wire 18.05 30 100 3 

Screen 
Printing 

(High Ag) 
0.4 0.6 300 3 

Screen 
Printing (Low 

Ag) 
0.3 0.6 300 2 
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