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Abstract— A device for detecting liquid chemicals of various 

permittivity using a 3D Printed frequency selective surface 
(FSS) is proposed. The sensor is an array of square loops on a 

square unit cell with trenches dug in the dielectric material 
around the loops. The trenches allow deposition of the liquid 
chemicals to be detected. The variation in the dielectric 

characteristics of the liquids in the trenches produces a change 
in the resonance frequency of the FSS. Transmission coefficient 
is measured to evaluate the resonance frequency due to each 

liquid chemical. Butan-1-ol, Propan-2-ol, Ethanol and Methanol 
were added to demonstrate the sensing technique. Good 
agreement was found to exist between simulated and measured 

results. The envisioned detector could be used in a laboratory or 
in chemical industry where liquids can fall into the trenches for 
detection purpose. 3D printing allows for the rapid fabrication 

of the structure which can be disposable.   

Index Terms—FSS, FFF, Sensor, periodic structure, Liquid 

chemicals. 

I.  INTRODUCTION 

Industrial chemicals e.g., Methanol, Ethanol, Butanol etc. can 

be hazardous to health especially in unventilated closed 

spaces. Inhalation of such vapour can cause toxity as well as 

skin and eye irritation [1] and  [2]. Identification of chemicals 

without without being close to them would reduce hazard. 

This can be achieved through use of microwave sensors.  

A number of microwave liquid sensing method have been 

deviced and developed using different methods.  A Chipless 

slotted cylindrical resonator liquid Sensor is presented in [3] 

while [4] presents a UHF RFID antenna based sensor for 

aqueous and organic liquids. A microwave biosensor that 

detects gluscose level in aqueous solution is presented in [5] 

while [6] is a Terahertz biosensor integrated with 

microfluidics for Liver Cancer Biomarker. A real time 

microwave biochemical sensor based on circular substrate 

integrated waveguide (SIW) approach for aqueous dielectric 

detection is demonstrated in [7] 

Metamaterials have also been investigated in liquid 

microwave sensing . A split ring resonator (SRR) based 

liquid sensor with fluidic capillary to hold the liquid to be 

tested is demonstrated in  [8]. The concept of the SRR based 

sensing is advanced to  Complementary Split Ring Resonator 

(CSRR) resonator sensor as demonstrated in [9] [10] [11] 

[12] [13] and [14]. 

Electromagnetic band gap (EBG) based have also recently 

been explored in wireless liquid sensing. A multilayer 

reconfigurable electromagnetic bandgap structure (EBG) 

based sensor/detector has recently been proposed as liquid 

detector application [15]. This work is advanced in [16] as a 

Casero fractal based EBG microwave sensing platform. The 

above referenced liquid sensing platforms offers good  

measurement accuracy and sensitivity. However, they are 

complex in design and operation, bulk and others require 

delicate and intricate assembly. Extra costs accrue due to 

extra parts e.g., capillaries, capsules, and liquid containers. 

Other designs like EBG are multipart requiring intricate 

assembly beside their design complexity.  

This work proposes a simple, inexpensive, easy to fabricate, 

use and assemble, compact single unit, FSS based sensor. An 

FSS is a periodic surface of identical conductors arranged in 

one or two-dimensional infinite array [17].  The dielectric 

layer of the FSS was fabricated using fused filament 

fabricaiton (FFF). FFF was employed because it enables the 

creation of detailed and intricate objects allowing engineers 

to test parts for fit and form [18]. In the fabrication process, 

trenches were made between the between square unit cell 

elements. These trenches were filled with liquids of different 

dielectric permittivity. The FSS conductive elements were 

painted onto the FFF printed substrate using silver ink. CST 

Microwave StudioTM has been employed in the design, 

simulation, and optimization of the sensor. 

II. THE FSS SENSOR DEVELOPMENT 

A. The sensor design and simulations 

Square loops FSS [19] band stop array was employed in this 

work as it offers dual polarization and good angle of incidence 

behavior [20]. Square loop FSS resonates when the 

circumference of the loop is about a wavelength of the 

resonance frequency.  

A 20 mm x 20 mm x 5.2 mm square unit cell was simulated 

on a Polylactic acid (PLA) substrate of relative permittivity of 

2.4 and a tan 𝛿 of 0.01 [21].  A 2 mm wide, 18 mm x 18 mm 

square loop simulated onto the unit cell. A 1 mm wide and       

2 mm deep trench was dug around the unit cell edges by 

partially removing the substrate around the square loop. The 

geometry of the unit cell is shown in Fig. 1. The perspective 

view of unit cell is shown in Fig. 1 (a) while the front and 

cross-sectional views are shown in Fig. 1(b) and Fig. 1(d) 

respectively. The square loop was optimized to operate at a 

frequency of 4.4 GHz. Gap x between the conductor loop and 

the edge of the cell is 1 mm while the gap g between two 

adjacent square loops is 2 mm. The periodicity, P, of the 

square loop array is the sum of g and the length d2 of the square 

loop i.e., 18 mm. d1 represent the length of the unit cell. The 

main design parameters values of the unit cell are represented 

in Table 1. 
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Fig. 1 shows (a) the perspective view (b) the cross-sectional view (c) cross 

sectional view of a section of the FSS sensor liquid-filled trenches (d) the top 

view of the unit cell 

TABLE I 

Dimensions of the unit cell 

Dimensions d1 d2 d3 h1 h2 P g t x 

Value (mm) 20 18 14 2 5.2 20 2 2 1 

B. Simulation results of the sensor 

The designed sensor was simulated to test its behavior in 

terms of transmission coefficient. Fig. 2 shows the simulated 

transmission response, S21 of the FSS for TE angle of 

incidence behaviors at 0° and 45° and TM angle of incidence 

at 45° measured in free space. TE denotes the E-plane 

response whereas TM denotes H-plane response. The results 

indicates that the resonance of the unit cell occurred at normal 

incidence with a frequency of 4.43 GHz with no appreciable 

frequency drift at TE 45° and TM 45°.  The resonance 

frequency of the unit cell in air i.e., free space was considered 

the sensor’s reference point. 

Simulations were then conducted with the trenches filled with 

various liquids under test as shown in Fig. 1(c). The liquids 

that were tested were Butanol-1-o1, Propan-2-o1, Ethanol, 

and Methanol whose electrical characteristics at 5GHz and 

temperature of 20° are shown in Table II [22]. The simulation 

results are presented in Fig. 3 and Table III and shows that 

when a chemical dielectric fills the trenches behind the loop, 

the band stop center frequency shifts to the left. This indicates 

that stopband of the FSS can be tuned using the liquid 

dielectrics. The results shows that the liquids with higher εr, 

produces a bigger frequency shift, ∆f, from the reference  

 
Fig. 2 Simulated transmission responses of the loop FSS 

TABLE II 

ELECTRICAL CHARACTERISTICS OF UNDER-TEST CHEMICALS 

Liquid Relative permittivity εr Loss tangent (tan δ) 

Butan-1-o1 3.29 0.47 

Propan-2-o1 3.8 0.64 

Ethanol 5.08 0.96 

Methanol 12.42 0.65 

 

 
Fig. 3 The simulated frequency response of the proposed sensor structure 

for the various liquid chemicals 

TABLE III  

SIMULATED RESONANCE FREQUENCY AND SHIFT FROM 
REFERENCE FREQUENCY 

 Butanol-1-o1 Ethanol Methanol Propan-2-o1 

𝑓𝑠 GHz 3.92 3.50 2.87 3.80 

∆𝑓 GHz 0.51 0.93 1.56 0.63 

frequency i.e. the resonance frequency, 4.43 GHz, when the 

trenches are air-filled which is commensurate with [23]. It is 

also observed that the results due to Butanol-1-o1 and 

Propan-2-o1 are nearly indistinguishable.  This is due to their 

close dielectric constant values.  This indicate that 

effectiveness of the sensor depend on the amount of 

separation between the dielectric constants of the two 

chemical liquids. 

III. FABRICATION AND MEASUREMENT 

A. Fabrication 

The sensor fabrication was a two-stage process. The first 

stage was the printing of polylactide acid (PLA) substrate 

material. To begin the process, the simulated design unit cell 

was first extended to a 9x9 array to create a model of the 



proposed sensor. An outer 5 mm wide perimeter edge, 1 mm 

higher, for liquid containment, was incorporated, making it a 

192 mm x 192 mm structure. The cell edges were also raised 

by 0.175 mm in order to facilitate application of the silver 

conductive paint without it flowing onto the surface of the 

unit cells.  

To start the fabrication process, the digital model of the FSS 

substrate was exported from CST Microwave Studio to an 

STL file. It was then sent to a Raised 3D printer machine 

shown in Fig. 4(a), using CURA software with the print infill 

density of the print set to 100% which printed the structure as 

a 26 layers FFF printout. The FFF printed structure substrate 

material is shown in Fig. 4(b).  

The second stage involved the application of the RS pro 

Silver Conductive 186-3600 paint [24], Fig. 4(c), onto the 

substrate to create the conductive loops. The conductive 

loops were by-hand painted around the cells on the substrate 

using an artist’s painting brush. To ensure that this was done 

in the best way possible and that the width of the loop’s 

conductor was maintained uniformly, a stencil was printed 

and employed in the application of the paint. This shown in 

Fig. 4(d). The stencil was printed alongside the substrate. The 

FFF printed substrate with the manually by-hand painted 

square loops is shown in Fig. 4(e). The manually applied 

silver paint was left for 24 hours to dry. Fig. 4(f) shows the 

finished  

B. Measurements and results 

Using a Marconi Instruments microwave test set 6204B in a 

plain wave chamber, the transmission coefficient S21 of the 

FSS was measured with empty trenches. Fig 4(g) shows the 

measurements set up. The trenches were then filled with the 

liquid chemicals and S21 measured to obtain the resonance 

points of each liquid chemical. The measured frequency 

resonance of the liquid chemicals deposited in the trenches of 

the FFF printed FSS sensor were found to be as shown in   

Fig. 5.  Table IV shows the measured resonance frequency,𝑓𝑠, 

and the frequency shift, ∆𝑓, from the reference. The results 

show a trend in frequency shift from the reference frequency 

i.e. air resonance frequency, consistent with the simulation 

results. The resonance frequency progressively shifts to 

lower frequencies as liquid chemicals with higher dielectric 

constant is deposited in the trenches.  

It was observed that the resonance frequency of the liquid 

chemicals shifted towards lower frequencies as the dielectric  

constant of the chemical liquid increased. This is in 

agreement with the simulation results. A slight deviation was 

observed in the frequency resonance points in the measured 

results from the simulated results. A reason for this could be 

due to errors in the fabrication and measurement processes. 

Air gaps may exist in the FFF printed PLA substrate if the 

printer fails to print 100 percent infill of the substrate. This 

has the potential to affect the relative permittivity of the PLA 

substrate [25] and [26] and thus the results of any 

measurements including the frequency resonance point as 

well as the deviation ∆𝑓 from the reference. The behavior of 

exhibited by Butanol-1-o1 and Propan-2-o1 in the simulation  

 
                    (a)                                                    (b) 

 
          (c)                               (d)                                           (e) 

 
                                          (f)                                                     (g)                       
Fig. 4 The fabrication process of the 3D sensor (a) the printing of the 

substrate with a Raised 3D printer machine (b) the printed PLA substrate (c) 

the silver paint the printing of the substrate (d) applying silver loops (e) 
section of the painted FSS (f) the finished 3D FSS (g) the FSS sensor 

measurement setup. 

results i.e., closeness of the results was replicated in the 

measurements. 

IV. DISCUSSION AND CONCLUSION 

A novel, inexpensive, 3D printed FSS sensor for 

sensing/detecting liquid chemicals has been demonstrated. 

The sensor has inter-element trenches where liquids can be 

deposited. Marked variations in resonance frequencies of the 

FSS have been observed when the trenches were filled with 

liquid chemicals of different electrical properties. The 

proposed microwave sensor has good sensitivity and low 

detection error. 
 



 
Fig. 5 The measured frequency response of the proposed sensor structure for 

the various liquid chemicals 

TABLE IV 
MEASURED RESONANCE FREQUENCY AND SHIFT FROM 

REFERENCE FREQUENCY 

 Butanol-1-o1 Ethanol Methanol Propan-2-o1 

𝑓𝑠 GHz 3.74 3.49 2.8 3.71 

∆𝑓 GHz 0.69 0.94 1.89 0.72 

 

The sensor is ideal for instances requiring real-time 

monitoring of liquids falling onto a surface. The contactless 

nature of the detection process would make it suitable for a 

critically safe working environment. Further, the FFF process 

used for the fabrication of the device has the advantage of 

reducing material cost, labour and manufacturing time. Its 

fabrication can also be quickly scaled up. 

The structure of the sensor was found to twist and buckle after 

a few uses with the liquid chemical measured. This is likely 

to be due to the chemical interaction between the PLA 

substrate and the solvents employed [27]. This chemical 

interaction can also cause solvents to pass through the printed 

structure. This makes it a single use disposable detecting 

device. Other types of liquids such as water are unlikely to 

have the same effect on the PLA substrate, but this was not 

studied in this instance.  

A future version of the design can be made for multiple use 

by printing with an inert material to prevent adverse chemical 

interaction between the substrate and the chemicals being 

tested. 
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