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4.1 Introduction 

Microfluidic channel based tuning shows growing interests in reconfiguring the 

antenna operating characteristics [1-4]. Most of these approaches use liquid metal 

as antenna radiators or parasitically coupled elements to achieve effective, less 

interfering and reliable reconfiguration [5]. The desired tunings are achieved 

through controlled actuation of the liquids used [6-12]. 

This chapter presents a technique to tune antenna resonating frequency by 

changing the dielectric behaviour of the substrate material underneath the 

radiating patch. The technique uses microfluidic channels embedded into the 

antenna substrate. The channels are filled with two immiscible liquids of different 

permittivity values. A spatial variation in the dielectric constant value is obtained 

by changing the relative positions of the fluids. The required actuation is provided 

electromagnetically through a contactless mechanism. For the proposed 

electromagnetic actuation, one of the liquids selected is magnetic in nature.   

The first section of the chapter presents the design and development of 

microfluidic switch including the choice of fluids and their characterizations. The 

following sections focus on the development of an antenna substrate with 

embedded microfluidic channels and finally, the performance of the prototype 

antenna is verified.    

4.2 Development of magnetically controlled microfluidic switch  

The microfluidic switching system uses two liquids of sufficiently varying 

permittivity to construct a tuning mechanism for frequency reconfiguration. 

Hence, the choice of liquids with suitable properties are crucial.  

As the work uses two liquids to construct a tuning mechanism for frequency 

reconfiguration; it is crucial to use liquids with suitable properties. A magnetic 

dispersion (ferrofluid) is chosen as one of the fluids, for its dependency towards 

an external magnetic field. Due to this property, the position of ferrofluid (FF) can 

be changed externally without connecting any mechanical pumps. From the 
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design perspective, this is a significant advantage, as mechanical pumps require 

additional controllers and tubing which make the overall system clumsy [5, 13].  

A solution of Isopropanol in deionized water (ISPW) is chosen as the second liquid 

to provide a necessary variation of dielectric constant. ISPW solution also provides 

a slip layer in between the microfluidic channel wall and FF, which reduces the 

surface wettability of FF. Thus, ensures a smooth flow through the channel.   

The ferrofluid used in this work is a colloidal dispersion of magnetite (Fe3O4) 

nanoparticles suspended in a hydrocarbon-based carrier fluid. Magnetite 

nanoparticles are first synthesized and characterized. The nanoparticles are added 

to a carrier fluid to form the ferrofluid. FF and ISPW solutions are thereafter 

characterized for their microwave properties and actuation speed. 

4.2.1 Synthesis of magnetic nanoparticles  

Magnetic (Fe3O4) nanoparticles are synthesized by co-precipitation technique [14, 

15]. Precursor solutions of FeCl3 and FeCl2 are taken in the molar ratio of 0.5 and 

then added concurrently to a 0.4 N HCl solution of volume 25 ml. A 1.5 N solution 

of NaOH is prepared and added to the resulting solution under constant stirring 

while maintaining the pH of the final solution at 12. The process results in a dark 

black precipitate. Impurity free precipitate of magnetic nanoparticles is obtained 

after repeated washing and centrifugation. In order to stop further oxidation a 

0.01 N HCL is added to the sample. Synthesized magnetic nanoparticles are then 

coated with a surfactant layer. Approximately 400 µl of anionic surfactant oleic 

acid [C18H34O2, 99% pure, Otto] is added to the sample under vigorous stirring.  

4.2.2 Characterization of magnetic nanoparticles 

X-Ray diffraction 

The microstructure of oleic acid coated nanoparticles is studied by an X-ray 

diffractometer (Rigaku Mini Flex 2000). Figure 4.1 (a) shows X-ray diffractogram 

of the nanoparticles and the pattern exhibit (220), (311), (511) and (440) diffraction 
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peak of Fe3O4. Considering the positions and relative intensities the planes can be 

indexed to Fe3O4 with cubic structure (JCPDS card no 65-3107).  

A pattern decomposition procedure using a pseudo-Voigt profile shaped function 

and subsequent singleline analysis based on the equivalent Voigt representation 

is used for the determination of average crystallite size and lattice strain.  

𝐷 =  
𝜆

𝛽𝑐
𝑓

𝑐𝑜𝑠𝜃
 

𝑒 =  
𝛽𝑔

𝑓

4 𝑡𝑎𝑛𝜃
 

where λ is the wavelength of the X-ray, 𝛽𝑐
𝑓

 and 𝛽𝑔
𝑓

 are the integral breadths of the 

Cauchy and Gaussian fit of the structurally broadened profile and θ is the Bragg 

angle. The average crystallite size, estimated using single line analysis considering 

the most prominent peak (311) is found to be 7.6 nm and corresponding lattice 

strain is 0.0087. 

Raman spectroscopy 

The Raman spectra of the sample is recorded using a Laser Micro Raman System 

(LabRam HR) with Ar+ laser excitation source of wavelength 514.5 nm. The Raman 

spectrum is revealed in Figure 4.1 (b). The nanoparticles show a peak around 667 

cm-1, which is in agreement with the reported typical value of magnetite (Fe3O4) in 

the literature (661cm-1) [16].  

   

(a) (b) 
Figure 4.1 (a) XRD difractogram of Fe3O4 (FFT smoothed) (b) Raman spectra of 

Fe3O4 nanoparticles 
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Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is taken using an FEI COMPANY 

TECNAI G2 20 S-TWIN (200KV) electron microscope operating at an accelerating 

voltage of 200 kV. For TEM, the powder samples are dispersed in n-hexane 

followed by ultrasonication for 10 min. After that, a few drops of the dispersion is 

taken on a carbon-coated copper grid and dried at room temperature. The size 

distributions of the nanoparticles are estimated based on the statistics of 200 

particles chosen from multiple images. Magnified images (Figure 4.2 (a)) show the 

primary particles of average size of 6 nm.  

 

Vibrating sample magnetometry 

The magnetic behavior of the Fe3O4 nanoparticles is characterized by using 

vibrating sample magnetometer (VSM, LakeShore Model 7410) by performing 

magnetic hysteresis loops (M-H) at room temperature 300 K. Figure 4.2 (b) shows 

the M-H curve of the nanoparticles with a coercivity of 173.18 G and saturation 

magnetization 21.986 emu/g.  

Microwave characterization  

Transmission reflection line (TRL) technique [17, 18] is used for determining 

complex permittivity the Fe3O4 nanoparticle over a frequency range of 4.0 GHz – 

  

(a) (b) 
Figure 4.2 (a) TEM images of Fe3O4 nanoparticles, (b) Hysteresis loop of Fe3O4 

nanoparticles 
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10.00 GHz. A 3.5 mm coaxial air-line with a length of 70 mm is used as the 

transmission line. A cylindrical sample of outer diameter 3.5 mm, inner diameter 

1.5 mm and length 5 mm is inserted inside the coaxial airline sample holder [19]. 

The transmission (S21) and reflection (S11) parameter are measured using Agilent 

E8362C Vector Network Analyzer (VNA). The complex permittivity (휀𝑟 = 휀𝑟
′ − 휀𝑟

′′) 

is computed using Agilent 85071E material measurement software based on 

Nicolson-Ross technique [20, 21]. The measured real part of permittivity, 휀𝑟
′  and 

dielectric loss ( 𝑡𝑎𝑛 𝛿 = 휀𝑟
′′ 휀𝑟

′⁄ ) is shown in Figure 4.3 (a) and (b), respectively. 

 

The 휀𝑟
′  and tan 𝛿 does not show much variation with frequency over the range. 휀𝑟

′  

varies between 4.6 – 5.0 , while 𝑡𝑎𝑛 𝛿 is ~ 0.28.  

 
(a) 

 
(b) 

Figure 4.3 (a) Real part of complex permittivity, 휀𝑟
′  and (b) loss tangent 𝑡𝑎𝑛 𝛿 
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4.2.3 Synthesis and characterization of the fluids  

Ferrofluid is synthesized by dispersing the surfactant coated of magnetite (Fe3O4) 

nanoparticles to a hydrocarbon-based carrier fluid, hexane in a concentration of ~ 

6.6 % wt/vol. The dispersion is ultra-sonicated for 2 hours for the homogeneous 

spreading of the nanoparticles. ISPW solution is prepared by mixing analytical 

grade isopropanol and deionized water in a 3:1 ratio. 

The prepared ferrofluid and the ISPW solution are then studied for their 

microwave as well as some physical properties and details are given below.  

Microwave characterization of fluids 

Microwave characterizations of the prepared FF and ISPW solution are carried out 

using Keysight dielectric probe system, which is connected to the Agilent VNA. 

Figure 4.4 presents the measured real parts of the permittivity along with the loss 

tangent values for the range 4.0 GHz – 10.0 GHz. 

 

 
(a) 

 
(b) 

Figure 4.4  (a) Real part of permittivity and (b) loss tangent of FF and ISPW solution 
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Dielectric constant is around 2.02 for FF and 9.86 for ISPW solution. The loss 

tangent of FF is around 0.02 while the ISPW solution shows a relatively higher loss 

with loss tangent ~ 0.48.  

Actuation Speed Test 

The actuation speed test is performed to study the speed of FF immersed in ISPW 

mixture, under an external magnetic field. Both the liquids are encapsulated in a 

capillary of diameter ~ 0.8 mm. The test is performed using a linear channel, a 

video camera with a capture rate of 120 fps and an electromagnet. A video is 

recorded at a rate of 120 fps when FF is under a translational motion from position 

A (0 – 11 mm) to B (11 – 22 mm). The video file is then processed and frames are 

extracted. Sequential frames are analyzed in the ImageJ software. The result 

reveals an actuation speed is up to 110.82 mm/s and the total transmission time of 

358.19 milliseconds for a shifting distance of ~ 12.00 mm (Figure 4.5). The images 

also confirm the reduced wettability of FF as there is no residue left behind after 

the transmission.  

 

Contact angle measurement 

As the ferrofluid (FF) has a high degree of surface wettability, measures are taken 

to reduce the wettability. The surface of the microchannels, where fluids are to be 

injected is coated with an oleophobic solution to minimize the wettability. To mark 

 
Figure 4.5 Sequential image analysis of the fluid transmission process. During the 

actuation a portion of FF (black fluid) covers a distance of ~ 12.00 mm in 

108.29 milliseconds and completely shifts to the new position in 358.19 

milliseconds.   

A B

A B

(a) (b)

(c) (d)

(e) (f)



 Magnetically controlled microfluidic tuning for frequency reconfiguration in planar geometry Chapter IV 

   

   
Frequency reconfiguration and beam scanning of patch antenna in C–band using PIN diodes and 

microfluidic channels  78 

the amount of reduction in the degree of wetting, contact angle measurements are 

carried out for oleo-phobic solution coated and non-coated surfaces, using a 

DataPhysics - OCA 15EC measuring device. At first, the measurement is taken on 

a non-coated fluorinated ethylene propylene (FEP) surface and then for an oleo-

phobic solution coated FEP surface. From the recorded contact angel images, it is 

observed that with the coating the contact angles become obtuse angle; whereas 

for non-coated surface it is less than 90˚. The increased contact angle for the coated 

surface is an indication of the reduction in the degree of wetting. Figure 4.6 shows 

the contact angle images of the two surfaces and details are listed in Table 4.1. FEP 

surface is used for the testing as the microchannels used in the work is made up of 

FEP.  

 

 

4.3 Magnetically controlled frequency reconfigurable antenna 

The work emphasizes on the reconfiguration of frequency in a planar geometry 

through a magnetically controlled mechanism. The design uses an engineered 

substrate to hold the mechanism.  

4.3.1 Fabrication of microfluidic channel embedded substrate  

The engineered substrate is a sandwich structure composed of microchannels 

embedded un-cladded FR4 slab of Ԑ𝑟= 4.3 and thickness 1.4 mm and two copper 

 

 
(a) (b) 

Figure 4.6 Contact angle images of ferrofluid on (a) non-coated and (b) oleophobic 

solution coated FEP surface  

Coated surfaceNon coated surface

L R

L R

Table 4.1 Contact angle measurement data   

Sample Left Angle L (˚) Right Angle R (˚) 

Non coated 66.8 66.9 

Coated 101.6 101.8 
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cladded comparatively thin FR4 layers. The middle sheet is engraved to house the 

fluorinated ethylene propylene (FEP) channels of the diameter approximating to 

0.9 mm with a wall thickness of ~ 0.1 mm. The length of each channels is 24.88 mm. 

Two very thin (0.2 mm) single side copper cladded FR4 layers are glued to this 

modified section. A graphical representation of the process is shown in Figure 4.7.  

The channels are filled with the FF and ISPW solutions mentioned in the previous 

section. The tubes are first filled with the mixture of isopropanol and deionized 

water (ISPW) and then a part of the solution is replaced by the synthesized 

ferrofluid. While filling the tubes, it is confirmed that no air bubble is formed inside 

the channels. The volume occupied by each of the liquids are equal and covers a 

tube length of ~ 12.44 mm. Tubes are sealed properly once they are completely 

filled. Prior to filling the fluids, the FEP channels are coated with oleo-phobic 

solutions to reduce the surface wettability of ferrofluid.   

4.3.2  Design and fabrication of the frequency reconfigurable antenna 

The antenna pattern is etched on one of these copper cladded sides while the 

opposite side acts as the ground plane. It is a rectangular microstrip patch and is 

edge fed using a 50 Ω microstrip line with a quarter wave transformer. Antenna 

patch dimensions are calculated to resonate at 7.60 GHz, for FR4 substrate of 

    

 

    

Figure 4.7  Schematic diagram of the substrate modification in sequences (a) to (e) 

and (f) fluidic channel with injected liquids  

ISPW
FF

(f)
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thickness 1.8 mm (the thickness is kept same as the sandwiched structure). The 

design scheme of the modified substrate and placing of the antenna is presented 

in Figure 4.8. It is well known that in RMA, fringing field line concentrations are 

maximum at the patch edges and hence, maximum penetration into the substrate 

occurs across the edges [22, 23]. The FEP tubes are placed just beneath the radiating 

edge, opposite to the feeding edge.  

 

To maximize the effect of spatially varying dielectric constant on the resonant 

frequency, three tubes are taken and positioned such that it covers the extended 

patch length, 𝛥L, occurred due to fringing [22]. The length of the channels is kept 

slightly larger than twice the patch width, W (here, it is about 24.88 mm). These 

extra millimetres are used to minimize the effect of the fluid positioned on the 

other end of the channel.  

    

(a) (b) 

 
(c) (d) 

Figure 4.8  Fabrication scheme of the proposed antenna (a) Stacking of various 

layers (b) Final prototype with marked channel position (dotted lines) 

(c) Fabricated antenna (d) Three different viewing angle 

FR4 Sheet with 

FEP Tubes

FR4 Sheet

Antenna Patch

FR4 Sheet

Ground Plane 
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4.3.3 Mechanism of frequency reconfiguration with microfluidic channels 

The targeted frequency reconfiguration is achieved through the lateral 

displacement of the liquids. The position of FF inside the channels can be easily 

controlled using electromagnets, which eventually relocates ISPW also. As both 

the immiscible liquids possess two different dielectric constant value, the dielectric 

constant of the substrate under the antenna patch gets modified by altering the 

liquid position. The process is illustrated in Figure 4.9.   

Due to the interchanging of fluids underneath the radiating edge, the effective 

value of dielectric constant experienced by the patch changes and accordingly 

resonating frequency of the antenna shifts. Two electromagnets having a 

maximum strength of 400 Gauss are used to control the position of FF in the 

   
(a) (b) 

 
(c) (d) 

Figure 4.9 A depiction of the method that reconfigures the antenna resonant 

frequency: (a) Top view of the antenna with patch and channel 

dimension marked (b) Enlarged view showing the position of channels 

under the patch (c) Back view (ground plane) of the antenna showing 

the position of the electromagnets with patch position in dotted lines (d) 

Status of electromagnets and corresponding positioning of liquids (grey 

colour indicating FF and white colour ISPW). 

W (10.44 mm)

L (7.36 mm)

24.88 mm

EM 2EM 1

EM 2EM 1

OFF ON

EM 2EM 1

ON OFF
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channel.  Thus the switching position can be altered from position A to position B 

and also reversed by activating the corresponding electromagnets. 

4.4 Antenna performance study with microfluidic actuation 

The fabricated antenna is tested for the targeted frequency reconfiguration. The 

frequency response of the antenna under various configurations are measured 

using an Agilent VNA (PNA E8362C). The reversible frequency shiftings are 

recorded by changing the ferrofluid’s position. In Mode 1, FF is placed at position 

B (refer Figure 4.9 (d)) and ISPW at A by activating electromagnet EM 2. At this 

state, the antenna patch experiences a higher value of the dielectric constant and a 

resonating notch is observed at 7.40 GHz. A shift of 0.60 GHz is recorded in Mode 

2 through the activation of EM 1. The recorded notch is at 8.00 GHz.  

 

To demonstrate the reversible frequency shifting, responses of the antenna at the 

sequential states are recorded by changing the ferrofluid’s position. The resonant 

frequency of Mode 1 i.e. 7.40 GHz can be retrieved by again activating EM 2, which 

forces the ferrofluid to come into the position B. Similarly, Mode 2 also can be 

achieved by simply activating EM 1. 

 

Figure 4.10 Two distinct frequency responses illustrating the frequency 

reconfigurability of the antenna between two modes. Responses of a 

standard RMA and antenna with air filled channels are also noticed. 

Solid symbol represents measured data and half-filled symbol 

represents simulated data.  
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Simulation studies are also carried out. Both measured and simulated return losses 

(S11) are shown in Figure 4.10 with the detail presented in Table 4.2. The study 

also includes S11 parameters of an RMA on an unmodified substrate and with air-

filled channel substrate. The original RMA resonates at 7.60 GHz and with the 

incorporation of the empty channels the frequency shifts to 8.40 GHz. The recorded 

-10 dB bandwidth for Mode 1 is 6.72 % and for Mode 2 it is 6.80 %.  

  

From the return loss study, it is observed that for both the filled conditions, the 

frequency of the antenna shifts towards the lower side of the spectrum as 

compared to that of empty (air-filled) channel. Reason for this trend can be 

understood by considering the dielectric constant of the liquids in the microwave 

region and the basic equation of an RMA [22]. From Figure 4.4, FF dielectric 

constant is around 2.02, and 9.86 for ISPW mixture. With the fluids placed 

underneath the antenna radiator, the effective dielectric constant of the antenna 

substrate changes accordingly. For ISPW the value will be the highest and hence 

the lowest value of the frequency (7.40 GHz). Unmodified FR4 is positioned second 

with a dielectric constant 4.3, has a resonating notch at 7.60 GHz. In case of FF (r 

=2.2), frequency is at 8.00 GHz. Air filled channels offer the lowest value of 

effective permittivity, as air has a dielectric constant nearly equal to 1 and results 

in a resonance at 8.40 GHz. 

Table 4.2 Resonating frequency, percentage bandwidth and gain at 

different substrate structure configuration 

Mode 

Electromagnet 
Status 

Frequency (GHz) % Bandwidth Gain 
(dBi) 

EM 1 EM 2 Measured Simulated Measured Simulated 

1 OFF ON 7.40 7.38 6.72 7.61 3.20 

2 ON OFF 8.00 8.12 6.80 7.23 5.80 

Antenna 
without 
channels 

NA NA 7.60 7.70 5.43 5.70 5.96 

Air 
filled 

channels 
NA NA 8.40 8.48 5.50 6.75 6.21 
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XZ Plane YZ Plane 
Mode 1 

 
Mode 2 

 
Original 

 
Air Filled 

 

Figure 4.11  Radiation pattern in XZ plane (a) measured and (b) simulated and in YZ 
plane (c) measured and (d) simulated at resonant frequencies for 
different substrate structure 
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Radiation characteristics of the proposed antenna are also studied. Figure 4.11 

shows measured and simulated radiation patterns of the antenna for both the 

reconfigured states, the air filled channel and original RMA. In the XZ plane, all 

the co-polarized patterns show the main lobe direction at 0° and 3 dB beamwidth 

of 96°. In YZ plane similar consistencies are observed with the main lobe direction 

at 5° and 3 dB beamwidth of 90°. The antenna offers low cross-polarization levels 

at all the frequencies. In Table 4.2 gain of the antenna for both the operating modes 

(Mode 1 and 2) along with the two other conditions are presented. The reduced 

gain of the antenna for the filled conditions compared to that of the air filled one 

is primarily due to the lossy nature of the fluids used. When the FF with a loss 

tangent of 0.04 is placed below the patch a gain of 5.80dBi is recorded at 8.00 GHz 

and with the ISPW mixture having a dielectric loss tangent of 0.48, the gain reduces 

to 3.20dBi (7.40 GHz). A slightly increased gain of 5.96 dBi is observed for the FR4 

substrate (loss tangent of ~ 0.03) without the channels. While in the air filled case, 

because of the low loss tangent value, the substrate offers a higher gain of 6.21 dBi.  

4.5 Discussion 

Magnetically actuated microfluidic switches are employed for reconfiguration of 

the resonant frequency. The functional antenna offers alteration of frequency 

between two values by laterally shifting the dielectric liquids through a contactless 

actuator. The two distinct resonances also have significant gain and beam width 

comparable to that of a standard RMA. The approach demonstrates a simple and 

effective technique to convert an RMA into a frequency reconfigurable antenna 

without disturbing the profile of the radiating patch. In this design absence of 

biasing lines, required for electronic switches, has a positive effect on the antenna 

radiation pattern and makes them stable at both the frequencies resembling that of 

an RMA. The responses time of the switching is 358.19 milliseconds and within 

this time frame, the fluids interchange their positions. The design possess a 

significant advantage over most of the reported fluidic reconfiguration techniques 

[1, 7, 10, 11, 24-28] as it does not have any bulky mechanical pumping system. This 

will helps in reducing the overall form factor of the antenna.  
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