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Fig. 1 Structure diagrams of proposed metamaterial sensor. (a) 3D array diagram ; (b) unit structure diagram (A=>50 pm, p=500 pm,

[=300 pm, =60 pm, a=294 pm, and b=60 pm); (c) cross sectional view of the unit structure filled with silk fibroin, and the

thickness of silk fibroin film is 15 pm
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Fig. 2 Transmission spectra obtained by scanning different structure parameters via the simulation software in the 0-0. 8 THz band.

(a) Total length a of the dumbbell shaped hole; (b) thickness & of the stainless-steel plate; (¢) width Z of the stainless-steel plate;

(d) period p of the stainless-steel plate; (e) radius 7 of the two circles of the dumbbell shaped hole
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Fig. 3 Transmission curve of proposed metamaterial sensor
with optimized structural parameters (total length a=
294 pm, thickness A=50 pm, period p=500 pm,
width /=300 pum, circle radius ¥=60 pum, and middle

width 6=60 pm)
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Fig. 4 Surface current distribution and magnetic field intensity distribution at the frequency of 0.47 THz. (a) Top view of surface

current distribution; (b) magnetic field intensity distribution in the xoz plane
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Table 1 Dielectric constant of silk fibroin at different relative humidity

Relative humidity /% 0 20 40 60 80 100
Dielectric constant 4.23075 4.36635 4.50195 4.63755 4.77315 4.90875
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Simulation results of transmission spectra and linear fitting curve of the relationship between transmission frequency of

resonance peak and relative humidity for proposed metamaterial sensor. (a) Transmission spectra; (b) linear fitting curve
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Table 2 Comparison of Qo and Q values of proposed

metamaterial humidity sensor with other published results

Frequency band /

THz Qrou Q Ref.
0.4-1.2 1.67 / [33]
0.2-2.0 0.38and 0.13 3.6and 1.37 [34]
0.5-1.5 3.3 14.2 [35]
0.2-1.0 1.23 / [36]
0.2-0.4 3.8 5.1 This work
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Fig. 6 Physical photos of proposed sensor. (a) Fabricated metamaterial humidity sensor; (b) microscopy pictures of the unit cell
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Fig. 7 Schematic and physical device diagram of humidity control system. (a) Schematic; (b) physical device diagram
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Fig. 8 Measurement results of transmission spectra and linear fitting curve of the relationship between transmission frequency of

resonance peak and relative humidity for proposed metamaterial sensor. (a) Transmission spectra; (b) linear fitting curve
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Table 3 Comparison of proposed metamaterial sensor with other reported sensors

Humidity-sensitive

Frequency / Sensitivity / Range of relative

Type material GHz (GHz% ") humidity /%
CPW-to-slot line ring resonator ! PI 0-10 / 30-90
Coupled inductor capacitor resonator-"” PVA+PI 0.8-7 0.00675 35-85
Guided-mode resonance structure'"’ PVA 210-270 ~0. 0035 0-70
This work SF 200-700 0.11 4-76. 1
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Abstract

Objective

production and daily life.

Relative humidity refers to the amount of water vapor in the air, which has a wide-ranging influence on human

For example, in the industrial sector, relative humidity significantly affects automotive

manufacturing. In the healthcare field, humidity sensors that can respond quickly are used in micro-medical systems to

diagnose lung diseases. In daily life, different humidity levels can affect respiratory and skin health. Therefore, the study

on humidity sensors has attracted widespread attention, especially high-precision humidity sensors that have broad
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applications. However, the existing available air humidity sensors have drawbacks such as poor electromagnetic

interference resistance and large size. Therefore, we propose a new terahertz metamaterial humidity sensor that can
achieve high-precision, high-sensitivity, and real-time air humidity monitoring and can be widely used in various fields such

as industry, healthcare, and daily life.

Methods In this study, we use a combination of finite element analysis and experimental verification to investigate the
feasibility of metamaterial humidity sensors. Firstly, we design a metamaterial made of stainless steel and perform
electromagnetic field simulation calculations by using CST Studio Suite simulation software. We optimize the structure of
the stainless-steel plate through simulation and obtain the optimal structural parameters. We also simulate and verify that
the metamaterial sensor is highly sensitive to air humidity. Furthermore, we use laser micro-drilling technology to
fabricate the metamaterial sensor and perform humidity sensing experiments to evaluate its humidity sensitivity
performance. In the experiment, we use a homemade humidity control device to enable changes in different humidity
environments. The device uses two adjustable power air pumps to blow dry and humid air, and by adjusting the power of
the two air pumps, the ratio of dry to humid air can be adjusted, achieving a humidity variation between 4% and 76.1%.
Finally, we compare the simulation results with the experimental results to verify the rationality and correctness of the

metamaterial humidity sensor.

Results and Discussions We use a stainless-steel dumbbell-shaped metamaterial sensor for humidity detection and
propose the application of silk fibroin solution on the surface of the metamaterial sensor (Fig. 1). The simulation results
show that with an increase in humidity, the transmission peak exhibits significant redshift, indicating that the sensor is
highly sensitive to air humidity. Additionally, the peak frequency of the resonance peak exhibits an excellent linear
relationship with relative humidity, and the frequency shift is directly proportional to the change in relative humidity
(Fig. 5). The calculated figure of merit (Qoy) value of the sensor is 3.8, and the Q value is 5. 1, which is considered a
good level. The experimental results show that the humidity sensitivity of the sensor is 0. 11 GHz/% (Fig. 8), which is
higher than that of other similar research. By comparing the simulation and experimental data, it shows that they are

consistent, which verifies the basic law that the transmission peak frequency is linearly related to relative humidity.

Conclusions In this study, we propose a terahertz metamaterial humidity sensor for measuring air humidity in the range
of 4%-76.1%. The sensor's unit cell is composed of dumbbell-shaped holes on a stainless-steel plate, and it operates in
the terahertz frequency band. The simulation results show that the sensor has high refractive index sensitivity, laying the
foundation for subsequent humidity sensing experiments. Additionally, silk fibroin is chosen as the humidity-sensitive
material, which is sensitive to water molecules. Both simulation and experimental results show that the humidity
sensitivity of the sensor is 0.20 GHz/% and 0.11 GHz/Y% , respectively. These values are higher than those of other
reported similar metamaterial humidity sensors. Furthermore, the metamaterial humidity sensor proposed in this study is
made of a single stainless-steel material and can be fabricated by using conventional laser drilling techniques, which has the
advantages of simple preparation, low cost, small size, and suitability for mass production. Moreover, the sensor is
passive and wireless, and it has a wide range of applications. In the future, it can be integrated with on-chip light sources

and spectrometers to realize a single-chip integrated humidity sensing system with enormous development potential.

Key words materials; metamaterials; humidity sensor; terahertz; silk fibroin
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